Self-assembly and chemo-ligation strategies for polymeric multi-responsive microgels by Meng, Zhiyong
SELF-ASSEMBLY AND CHEMO-LIGATION STRATEGIES FOR 



























In Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy in the 












COPYRIGHT 2009 BY ZHIYONG MENG
SELF-ASSEMBLY AND CHEMO-LIGATION STRATEGIES FOR 


























Approved by:   
   
Dr. L. Andrew Lyon, Advisor 
School of Chemistry and Biochemistry 
Georgia Institute of Technology 
 Dr. Victor Breedveld 
School of Chemical and Biomolecular 
Engineering 
Georgia Institute of Technology 
   
Dr. Mohan Srinivasarao 
School of Polymer, Textile, Fiber 
Engineering 
Georgia Institute of Technology 
 Dr. Uwe Bunz 
School of Chemistry and Biochemistry
Georgia Institute of Technology 
   
Dr. David Collard 
School of Chemistry and Biochemistry 
Georgia Institute of Technology 
  
   


















Dedication to  










 I would like to thank my advisor Professor Louis Andrew Lyon for his continuous 
support and encouragement during my research in his laboratory. Mentored by Professor 
Lyon, I could be able to view polymer science in a broader perspective. I could also 
independently develop my own ideas on research while getting suggestions from him. 
Furthermore, he also gave me constructive suggestions on my career development and 
family life. To me, Professor Lyon is not only an academic mentor, but also a friend in 
life.  
I would also like to thank all members in the Lyon group: Dr. Ashlee St. John Iyer, 
Michael Smith, Grant Hendrickson, Toni South, Dr. Jongseong Kim, Dr. Bart Blackburn, 
Dr. Neetu Singh, Dr. Saetbyul Justin, Dr. Jonathan McGrath, and Dr. Courtney Sorrel. I 
further extend my thanks to Professor Victor Breedveld and Professor Mohan 
Srinivasarao for their great and stimulating suggestions on my research. Furthermore, I 
would like to thank Professor Nils Kröger, Dr. Robert Braga, and Dr. Leslie Gelbaum for 
granting me access to their Zetasizer, FTIR, and NMR facilities, respectively. I also thank 
Jae Kyu Cho, Qiang Luo, Kewei Xu, Yanfeng Chen, Yaru Shi, Xinming Qian, Honghui 
Lv, Chun Huang, Yanrong Shi, Xuan Zhang, Yadong Zhang, Rongwei Zhang, and 
Shaobo Pan for their friendship and help when I study in Georgia Institute of Technology. 
  Last but not lease, I would like to thank my parents, Zhaochen Meng, Shulian 
You, my brother, Zhiping Meng, my wife, Qing Ye, and my daughter, Haiyi Meng, for 
love and support they provided. 
iv 
TABLE OF CONTENTS 
Page 
ACKNOWLEDGEMENTS iv 
LIST OF TABLES xi 
LIST OF FIGURES AND CHARTS xii 
LIST OF SCHEMES                                                                                                        xv 
LIST OF ABBREVIATIONS xvii 
LIST OF SYMBOLS xx 
SUMMARY xxii 
CHAPTER 
1 Microgels: Synthesis, Self-Assembly, and Phase Behavior 1 
1.1 Hydrogels versus Microgels 1 
 1.1.1 Hydrogels and Stimuli-Responsive Hydrogels 1 
 1.1.2 Microgels and Stimuli-Responsive Microgels 3 
1.2 Synthesis and Modification of Microgels 6 
 1.2.1 Polymerization 6 
 1.2.2 Cross-Linking of Reactive Micelles 10 
 1.2.3 “Clickable” Microgels 10 
1.3 Aging and Phase Behavior of Microgel Assemblies 13 
 1.3.1 Self-Assembly of Microgels 13 
 1.3.2 Aging of Microgel Dispersions 14 
 1.3.3 Phase Behavior of Microgel Dispersions 16 
References 19 
2 Temperature-Fixed Synthesis of Multi-Responsive Microgels 43 
 v
2.1 Introduction 43 
 2.1.1 One-Pot Copolymerization 43 
 2.1.2 Topological Control of Functionalities 45 
 2.1.3 Hybridization of Microgel Particles 46 
 2.1.4 Characterization of pNIPAm-AAc Microgel Particles 46 
 2.1.5 Applications of pNIPAm-AAc Microgel Particles 48 
2.2 Experimental 49 
 2.2.1 Materials 49 
 2.2.2 Microgel Synthesis, Purification and Lyophilization 50 
 2.2.3 Aqueous Buffer Preparation 51 
 2.2.4 Dilute Microgel Dispersions Preparation 51 
 2.2.5 Microgel Characterization 52 
2.3 Results and Discussions 58 
 2.3.1 Thermoresponsivity 58 
 2.3.2 pH-Responsivity 59 
 2.3.3 Acid-Base Titration 61 
 2.3.4 Electrophoresis 62 
 2.3.5 The Effect of Synthesis Temperature 63 
2.4 Conclusions 64 
References 66 
3 Temperature-Programmed Synthesis of Large Multi-Responsive Microgels 76 
3.1 Introduction 76 
3.2 Experimental 77 
 3.2.1 Materials 77 
 3.2.2 Microgel Synthesis, Purification and Lyophilization 77 
 vi
 3.2.3 Preparation of Microgel Dispersions 78 
 3.2.4 Video Particle Tracking via Optical Microscopy 79 
 3.2.5 Dynamic Light Scattering (DLS) 79 
3.3 Results and Discussions 79 
3.4 Hypothesis of Large Particle Formation 84 
3.5 Conclusions 86 
References 87 
4 Aging of Microgel Dispersions 91 
4.1 Introduction 91 
4.2 Experimental 92 
 4.2.1 Materials 92 
 4.2.2 Microgel Synthesis, Purification and Lyophilization 92 
 4.2.3 Microgel Dispersion Preparation 92 
 4.2.4 Microgel Aging Sample Preparation 92 
 4.2.5 Tracking Microgel Particles via Video Optical Microscopy 93 
4.3 Results and Discussions 93 
 4.3.1 Microscopic Dynamics during Aging 93 
 4.3.2 Microscopic Structures during Aging 100 
 4.3.3 Age-Dependent Thermostability 103 
4.4 Conclusions 105 
Appendix: Calculation of Effective and Actual Volume Fractions 106 
References 108 
5 Phase Diagram of Microgel Dispersions 112 
5.1 Introduction 112 
5.2 Experimental 114 
 vii
 5.2.1 Materials 114 
 5.2.2 Microgel Synthesis, Purification and Lyophilization 114 
 5.2.3 Microgel Dispersion Sample Preparation 114 
 5.2.4 Microgel Dispersions Characterization 115 
5.3 Results and Discussions 116 
 5.3.1 Cluster of Microgel Particles 116 
 5.3.2 pH-Tunable Colloidal Phase Behavior  116 
 5.3.3 Phase Diagram of Microgel Dispersions 120 
 5.3.4 pH-Tunable Thermostability of Microgel Assemblies 124 
5.4 Conclusions 127 
References 129 
6 Clickable Multi-Responsive Microgels for Chemo-Ligation 135 
6.1 Introduction 135 
 6.1.1 Literature Review 135 
 6.1.2 Experimental Design 137 
6.2 Experimental 146 
 6.2.1 Clickable Fluorophores 146 
 6.2.2 Clickable Microgels for Click Reaction and EDC Coupling 148 
 6.2.3 Microgels for Control Experiments 151 
 6.2.4 Click Reaction and EDC Coupling (Including Control Experiments)
 154 
 6.2.5 Preparation of Amino-Functionalized Glass Substrates 166 
 6.2.6 Preparation of Microgel Dispersion Samples for Fluorescence and 
Optical Microscopy 166 
 6.2.7 Fluorescence Microscopy 166 
6.3 Results and Discussions 167 
 viii
 6.3.1 Clickable Fluorophores 167 
 6.3.2 Clickable Multi-Responsive Microgels 170 
 6.3.3 Click Reaction and EDC Coupling 174 
 6.3.4 Control Experiments 178 
6.4 Conclusions 180 
References 181 
APPENDIX A: IDL Routines for Data Analysis 187 
 A.1 Batch File for Particle Tracking 187 
 A.2 Using “_p.gdf” File to Derive Radial Distribution Function 193 
 A.3 Using “_trm.gdf” to Generate Particle Trajectory Images 194 
APPENDIX B: Multi-Functional Films Composed of Clickable Microgels 195 
 B.1 Introduction 195 
 B.2 Experimental 196 
        B.2.1 Materials 196 
        B.2.2 Preparation of pNIPAm-AAc Microgels with/without 
Clickable Functionalities 197 
        B.2.3 Preparation of Clickable Fluorophores 197 
        B.2.4 Preparation of Amino-Functionalized Glass Substrates 198 
        B.2.5 Preparation of Multi-Functional Films via Centrifugation198 
        B.2.6 Reaction of Multi-Functional Films with Fluorescent Dyes
 199 
        B.2.7 Observation of Multi-Functional Films via Fluorescence 
Microscopy 208 
 B.3 Preliminary Results and Discussion 208 
 B.4 Conclusions 213 
APPENDIX C: Ultrathin Films Composed of Cross-Linker-Free Squishy Microgel 
Nanodisks 215 
 ix
 C.1 Introduction 215 
 C.2 Experimental 216 
        C.2.1 Materials 216 
        C.2.2 Synthesis, Purification and Lyophilization of Cross-Linker-
Free Microgels 216 
        C.2.3 Preparation of Cross-Linker-Free Microgel Dispersions 217 
        C.2.4 Preparation of Ultrathin Films via Centrifugal Deposition of 
Dilute Cross-Linker-Free Microgel Dispersions 217 
        C.2.5 Observation of Microgel Ultrathin Films via Atomic Force 
Microscopy 218 
 C.3 Preliminary Results and Discussion 218 
 C.4 Conclusions 220 
REFERENCES  221 
VITA   226 
 x
LIST OF TABLES 
Page 
Table B.1: The chemo-ligation of multi-functional films composed of one type of 
functional microgels with fluorescent dyes with complementary functionalities.
 208 
 xi
LIST OF FIGURES AND CHARTS 
Page 
Figure 2.1: The hydrodynamic diameter (σ) of pNIPAm-AAc microgel particles 
measured by dynamic light scattering at 0.002 wt% in pH 3.0 buffer with 
temperature ranging from 20 to 40 °C 59 
Figure 2.2: Microscopy images of the irreversible adsorption of pNIPAm-AAc microgel 
particles (0.01 wt % dispersion) to a glass surface (inner surface of a capillary) 
in a pH = 3.0, I = 10 mM aqueous buffer 60 
Figure 2.3: The hydrodynamic diameter (σ) of pNIPAm-AAc microgel particles 
measured by particle tracking via video microscopy at 0.01 wt% in buffers 
with pH values ranging from 3.0 to 6.0 at 20 °C 61 
Figure 2.4: The acid-base titration curve of pNIPAm-AAc microgel dispersion (16.8 mg 
polymer powder dispersed in 10 mL deionized water) titrated by 0.0105 N 
NaOH standard solution at room temperature 62 
Figure 2.5: The ζ potential of pNIPAm-AAc microgel particles (0.0002 wt%) in buffers 
from pH 3.0 to 6.0 at 20 ºC 63 
Figure 2.6: The effect of synthesis temperature on the yield and particle size of microgels
 64 
Figure 3.1: Digital microscopy images and particle trajectories for large pNIPAm-AAc 
microgel particles (0.01 wt% polymer in pH 3.5 buffer) 80 
Figure 3.2: The hydrodynamic diameter (σ) versus pH for large pNIPAm-AAc microgels 
with 0.01 wt% in aqueous buffer at 20 ºC 81 
Figure 3.3: The temperature-dependent hydrodynamic diameter of large pNIPAm-AAc 
microgels with 0.001 wt% in pH 3.0 buffer 82 
Figure 3.4: Digital microscopy image and particle trajectories for large pNIPAm-AAc 
microgels assembled into colloidal crystals at 20 ºC (2.0 wt% in pH 3.5 buffer)
 83 
Figure 4.1: The aging of pNIPAm-AAc microgel samples at 20.0 °C as visualized on the 
macroscopic scale 94 
Figure 4.2: Microscopic phase behavior of pNIPAm-AAc microgel dispersions at pH 3.0 
and 20 °C 96 
 xii
Figure 4.3: Microscopic images and trajectories (inset, ~10 s of observation) of pNIPAm-
AAc microgel samples (2.0 wt% polymer in pH 3.5 buffer) at different ages 
(not in the same spot) and 20.0 °C 98 
Figure 4.4: (a) Mean square displacement (MSD) versus lag time (τ) of pNIPAm-AAc 
microgel particles (2.0 wt% polymer in pH 3.5 buffer) at different ages and 
20.0 °C. (b) The power of the lag time versus the age of pNIPAm-AAc the 
microgel dispersion. MSD∝τ β , where β is the power of lag time 99 
Figure 4.5: The radial distribution function, g(r), for 2.0 wt% pNIPAm-AAc microgel 
dispersions at pH 3.5 as a function of aging time 101 
Figure 4.6: Age-dependent thermostability of 2.0 wt% pNIPAm-AAc microgel 
dispersions in pH 3.5 buffer 103 
Figure 5.1: Microscopy images of the oligomeric clusters of pNIPAm-AAc microgel 
particles (0.04 wt % dispersion) approximately 50 μm from the glass surfaces 
in a pH = 3.0, I = 10 mM aqueous buffer 116 
Figure 5.2: Concentration-dependent phase behavior of microgels at pH 3.0 and 20 °C, 
approximately 30 days after sample preparation 118 
Figure 5.3: Concentration-dependent phase behavior of microgels at pH 5.0 and 20 °C, 
approximately 30 days after sample preparation 119 
Figure 5.4: The phase diagram of pNIPAm-AAc microgels as a function of pH and 
volume fraction after ~30 days of aging 122 
Figure 5.5: (a) The maximum time-dependent Lindemann parameter (γLmax@42C) of 
pNIPAm-AAc microgels at 42.0 °C from pH 3.0 to 6.0. The weight percentage 
for each pH is: 2.0 wt% for pH 3.0, 3.5, 4.0, and 4.5, 1.2 wt% for pH 5.0, 1.1% 
for pH 5.5 and 6.0. (b,c) The time-dependent Lindemann parameter [γL(τ)] of 
pNIPAm-AAc microgels at different temperatures at pH 3.0 (b) and pH 6.0 (c)
 125 
Figure 6.1: The excitation and emission spectrum of alkynyl-containing fluorophore, 
fluorescein propargyl thiourea (FPTU 4) 167 
Figure 6.2: The 1H-NMR spectroscopy of FPTU 4 168 
Figure 6.3: The excitation and emission spectrum of azido-containing fluorophore, 5-
azidofluorescein (AzF 3) 169 
Figure 6.4: The 1H-NMR spectroscopy of AzF 3 170 
Figure 6.5: The hydrodynamic diameter of pNIPAm-AAc-AzHPMA 1 clickable microgel 
particles in pH 3.0 buffer (0.001 wt%) versus temperature 171 
 xiii
Figure 6.6: The hydrodynamic diameter of pNIPAm-AAc-PA 2 clickable microgel 
particles in pH 3.0 buffer (0.001 wt%) versus temperature 171 
Figure 6.7: The hydrodynamic diameter of pNIPAm-AAc-AzHPMA 1 clickable microgel 
particles in buffers with pH values from 3.0 up to 6.0 (0.001 wt%) at 20 ºC172 
Figure 6.8: The hydrodynamic diameter of pNIPAm-AAc-PA 2 clickable microgel 
particles in buffers with pH values from 3.0 up to 6.0 (0.001 wt%) at 20 ºC173 
Figure 6.9: The ATR-FTIR spectra of pNIPAm-AAc-AzHPMA 1 (red spectrum) and 
pNIPAm-AAc-PA 2 (purple spectrum) solid powder 174 
Figure 6.10: Fluorescence and transmission microscopic images of microgels after one-
pot simultaneous click reaction and EDC coupling of clickable microgels with 
fluorophores with complementary functionalities 175 
Figure 6.11: Fluorescence and transmission microscopic images of microgels after two-
step sequential click reaction and EDC coupling of clickable microgels with 
fluorophores with complementary functionalities 177 
Figure 6.12: Microscopic images (both fluorescence and transmission mode) for all 
control experiments 179 
Figure B.1: Fluorescence microscopy images of multi-functional film made of clickable 
pNIPAm-AAc-AzPMA 1 and pNIPAm-AAc-PA 2 microgels, after clicking 
with PTMRC 13 and AzF 3, respectively. 212 
Figure B.2: Overlapped fluorescence microscopy images of multi-functional film made 
of clickable pNIPAm-AAc-AzPMA 1 (red) and pNIPAm-AAc-PA 2 (yellow-
greenish) microgels, after clicking with PTMRC 13 and AzF 3, respectively.
 213 
Figure C.1: The AFM images of cross-linker-free pNIPAm-AAc microgel ultrathin films 
fabricated by centrifugation of 0.01 wt% microgel dispersions at pH 3.0, 4.0 
and 5.0 buffers 219 
Figure C.2: The AFM images of cross-linker-free pNIPAm-AAc nanodisks on glass 
substrate in aqueous buffer (left panel) and air (right panel) 220 
Chart 6.1: Chemical structures of azido- and alkynyl, carboxyl-containing microgels (1 
and 2) and azido-, alkynyl, and amino-functionalized fluorophores (3, 4 and 5)
 140 
Chart B.1: The chemical structure of microgels forming multi-functional films and 
fluorophores reacting with functional microgels 198 
 xiv
LIST OF SCHEMES 
Page 
Scheme 1.1: Topological differences between microgel, dendrimer and star polymer 3 
Scheme 1.2: The chemical structure of monomers NIPAm, AAc and cross-linker BIS 5 
Scheme 1.3: Mechanism for the preparation of pNIPAm-based microgels via the 
surfactant-free radical precipitation polymerization 8 
Scheme 1.4: Proposed mechanism of Cu(I)-catalyzed azide-terminal alkyne 1,3-dipolar 
cycloaddition 12 
Scheme 2.1: Schematic diagram of a conventional 90º dynamic light scattering 
instrument 52 
Scheme 2.2: Schematic representation of zeta potential 56 
Scheme 6.1: One-pot, three-stage synthesis of azido and carboxylic acid-containing, 
multi-responsive, clickable microgels 1 138 
Scheme 6.2: One-pot, two-stage synthesis of alkynyl and carboxylic acid-containing 
multi-responsive, clickable microgels 2 139 
Scheme 6.3: One-pot click reaction and EDC coupling of clickable microgels with 
fluorophores with complementary functionalities in pH 5.0 buffer at ambient 
temperature 141 
Scheme 6.4: Two-step coupling to clickable microgels 1 and 2 with fluorophores in pH 
5.0 buffer at ambient temperature 142 
Scheme 6.5: Syntheses of microgels pNIPAm-AAc(10), pNIPAm-AzPMA(11), and 
pNIPAm-PA(12) for control experiments 144 
Scheme 6.6: Control experiments designed to examine the orthogonality of Cu(I)-
catalyzed azido-alkyne click reactions to EDC coupling on microgels 145 
Scheme 6.7: The schematic diagram of attenuated total reflection accessory mount on 
ATR-FTIR instrument 151 
Scheme 6.8: The EDC coupling of azidohydrin-microgel 11 with tautomer of amino-
fluorophore TMRC 5 with transmission and fluorescence microscopy images
 178 
Scheme B.1: Reaction of multi-functional films composed of one type of microgels with 
fluorescent dyes with complementary functionalities 199 
 xv
Scheme B.2: The multi-step sequential reactions of multi-functional films composed of 
two or three types of functional microgels with fluorescent dyes with 
complementary functionalities 203 
Scheme C.1: Synthesis of cross-linker-free pNIPAm-AAc microgels at 65 ºC 216 
 
 xvi
LIST OF ABBREVIATIONS 
 
AAc  Acrylic acid 
AFM  Atomic force microscopy 
AmF  5-Aminofluorescein 
ATR  Attenuated total reflection 
AzF  5-Azidofluorescein 
AzHPMA 3-Azido-2-hydroxypropyl methacrylate 
APS  Ammonium pefsulfate 
BIS  N,N’-Methylene bisacrylamide 
CTMRA  5/6-Carboxyl tetramethylrhodamine 
DLS  Dynamic light scattering 
DLVO  Dejaguin-Landau-Verwey-Overbeek 
DVB  Divinyl benzene 
DWS  Diffusing wave spectroscopy 
EDC  1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride 
EGDMA  Ethylene glycol dimethacrylate 
EMCCD  Electron multiplying charge-coupled device 
FCC  Face-centered-cubic 
FITC  Fluorescein isothiocyanate 
FPTU  Fluorescein propary thiourea 
FTIR  Fourier-transform infrared 
GMA  Glycidyl methacrylate 
HCP  Hexagonal close packing 
 xvii
HEMA  Hydroxyethyl methacrylate 
LbL  Layer-by-layer 
LCST  Lower critical solution temperature 
LDE  Laser Doppler electrophoresis 
LYC  Lucifer yellow cadaverine 
MMA  Methyl methacrylate 
MAC  Magnitude cantilever excitation 
MAAc  Methacrylic acid 
MRJ  Maximally randomly jammed 
MSD  Mean square displacement 
NHS  N-Hydroxysuccinimide 
NIPAm  N-Isopropylacrylamide 
NMR  Nuclear magnetic resonance 
NVP  N-Vinyl-2-pyrrolidone 
PA  Propargyl acrylate 
PALS  Phase analysis light scattering 
PAm  Propargyl amine 
PCS  Photon correlation spectroscopy 
pAAc  Poly(acrylic acid) 
PEG  Poly(ethylene glycol) 
pHEMA  Poly(hydroxyethyl methacrylate) 
pMAAc  Poly(methacrylic acid) 
pNIPAm  Poly(N-isopropylacrylamide) 
pNIPAm-AAc Poly(N-isopropylacrylamide-co-acrylic acid) 
pSt  Polystyrene 
 xviii
PTMRC  5/6-Propargyl tetramethylrhodamine carboxamide 
RCF  Radical centrifugal force 
RCP  Random close packing 
SAM  Self-assembled monolayer 
SANS  Small-angle neutron scattering 
SDS  Sodium dodecyl sulfate 
SGR  Soft glass rheology 
St  Styrene 
TMRC  Tetramethylrhodamine-5,6-carboxamide cadaverine 
VA  Vinyl acetate 
VIm  1-Vinylimidazole 
VPT  Volume phase transition 
VPTT  Volume phase transition temperature 
VPy  4-Vinyl pyridine 
 xix
LIST OF SYMBOLS 
 
A  Measured baseline in DLS 
β  Coherent factor of DLS detection 
d  Dimensionality of space 
D  Translational self-diffusion coefficient 
F(q,τ)  Dynamic structural factor 
Φ  Volume fraction 
G’  Storage modulus 
G”  Loss modulus 
g(r)  Radial distribution function 
G(2)(τ,θ)   Intensity-intensity autocorrelation function 
g(1)(τ,θ)  Electric field time correlation function 
I  Scattered light intensity 
kB  Boltzmann constant 
λ  Wavelength of irradiation 
λ0  Wavelength of irradiation in vacuum 
ηs  Intrinsic viscosity of solvent 
n  Refractive index 
ppm  Part per million 
q  Scattering vector 
θ  Scattering angle 
τ  Lag/relaxation time 
σ  Hydrodynamic diameter 
 xx
r  Center-to-center distance among nearest particles 
Rh  Hydrodynamic radius 
T  Absolute temperature 
Γ  Relaxation rate 
wt%  Weight percent 




Microgels are sub-micron to micron-size polymeric particles swollen by a good 
solvent, sometimes also called hydrogel microparticles or microspheres if swollen in 
water. In contrast to the behavior of hard spheres, microgels behave more like soft 
spheres due to both steric repulsion of dangling chains tethered on their rough surface and 
electrostatic repulsion of charges, which could be compressed by imposing high 
concentration of microgels (osmotic deswelling) or higher ionic strength (compression of 
electric double layers). Among all microgels investigated nowadays, poly(N-
alkylacrylamide), especially poly(N-isopropylacrylamide) (pNIPAm), microgels are one 
of the most extensively studied microgel particles due to their volume phase transition 
(VPT) at lower critical solution temperature (LCST). By incorporation of pH-responsive 
monomer, such as acrylic acid (AAc), copolymeric pNIPAm-AAc microgels further 
demonstrate multi-responsivity to temperature, pH, and ionic strength. A temperature-
programmed polymerization protocol is proposed for the synthesis of large pNIPAm-
AAc microgel particles with a hydrodynamic diameter of 2~5 μm. To observe the phase 
behavior of pNIPAm-AAc microgel dispersions, pNIPAm-AAc dispersion at various pH 
values and concentrations was allowed to age and undergo phase transition in closed 
system. Immediately after preparation of concentrated pNIPAm-AAc dispersions in 
closed system, the average hydrodynamic diameter is smaller than the unperturbed 
diameter due to osmotic deswelling effect. During the aging process, pNIPAm-AAc 
microgel particles swell while their dynamics slow down. (Sometimes the particle size in 
aged dispersions is even larger than the unperturbed size!) If the effective volume 
 xxii
 xxiii
fraction of pNIPAm-AAc microgel particles reaches a critical value (~40 %), the local 
and global crystallization of particles are observed. If the effective volume fraction of 
pNIPAm-AAc dispersions is beyond packing limit (~0.74), the compressed particles are 
observed in the crystalline and/or glassy phase, indicating the softness of pNIPAm-AAc 
microgels. The formation of crystalline phase should follow a nonergodic path in which 
microgel particles swell to the extent that they build up weak attractive interaction to 
allow them to associate while maintaining the opportunity of rearrangement to minimize 
local Gibbs free energy. The age-dependent thermostability of pNIPAm-AAc microgel 
dispersions suggests strong attractive interactions evolve between particles during 
crystallization. The attractive interactions are probably due to the multiple hydrogen 
bonding between amide and/or carboxylic acid groups on the dangling chains tethered on 
rough surfaces of pNIPAm-AAc microgel particles. 
Finally, to introduce multiple biological “handle”s on the microgel particles for 
biomedical applications, the Cu(I)-catalyzed azide-terminal alkyne 1,3-dipolar 
cycloaddition, also called Sharpless-Meldal “click” reaction, is used to functionalize 
pNIPAm-AAc microgel particles. Glycidyl methacrylate (GMA) and propargyl acrylate 
(PA) are used to copolymerize with NIPAm and AAc to form multi-responsive microgels 
with “clickable” azido and acetylene groups respectively. “Clickable” fluorescent dyes 
are used to demonstrate the clickability of those microgels and epifluorescence 
microscopy is used to imaging the fluorescent particles after click reactions. Similarly, 




MICROGELS: SYNTHESIS, SELF-ASSEMBLY,  
AND PHASE BEHAVIOR 
 
 The intention of this chapter is to introduce the preparation, self-assembly and phase 
behavior of stimuli-responsive microgel dispersions. First, the historical development of 
hydrogel (macrogel) and microgel materials will be briefly summarized. Furthermore, the 
advantages of stimuli-responsive microgels over their macroscopic counterpart in 
fundamental research and industrial applications will be demonstrated. Then the synthetic 
protocols of microgels, including (co)polymerization and cross-linking of reactive micelles, 
will be presented. “Clickable” stimuli-responsive microgels will also be introduced as a novel 
functionalization approach for biomedical applications. Finally, the physical aging and phase 
behavior of microgel dispersions will be briefly overviewed. Note that a myriad of studies 
related with microgels have been performed, so I will only cite the most important articles 
and reviews relevant to my research, which are biased by my perspective and by no means 
exhaustive and complete. 
1.1 Hydrogels versus Microgels 
1.1.1 Hydrogel and Stimuli-Responsive Hydrogels 
Hydrogels are chemically or physically cross-linked organic or inorganic 
polymers which are capable of swelling in water while maintaining their integrity without 
dissolution in aqueous phase.1 Physical cross-linking points are those non-covalently 
connected polymeric chains as a result of reversible sol-gel transition, such as physical 
entanglement, hydrogen bonding, hydrophobic interactions, coordination bonds, and 
electrostatic interactions.2 Chemical cross-linking points are introduced via either cross-
linker or chain transfer, which are covalent bifurcations connecting at least three 
1 
polymeric chains.3 In addition, “sliding gel” offers another topology containing movable 
cross-linking points along the connected polymeric chains.4,5 
In fact, the term “hydrogel” was introduced to describe water-borne inorganic 
polymers such as silica gel6,7 and iron oxide gel.8 In early 1960s, the first organic 
polymeric hydrogels, poly(hydroxyethyl methacrylate) (pHEMA),9 were proposed by 
Wichterle10 for biomaterial applications. Hydrogels based on pHEMA demonstrated 
supreme biocompatibility within the biological environment in that they meet the 
following criteria: desirable water content, inert to biological process, and permeable for 
metabolites.10,11 Similarly, poly(vinyl alcohol) (pVA)12 and poly(N-vinylpyrrolidone) 
(pNVP)13 hydrogels were prepared as biomaterials as well. Many comprehensive reviews 
are available for synthesis and applications of polymeric hydrogels.3,9,11,14-16 In addition 
to polymeric hydrogels, natural1,17,18 and biohybrid1,19 hydrogels were also developed for 
biomedical and pharmaceutical applications.2,18,20 Although aforementioned hydrogels 
are biocompatible, most of them are not responsive to the milieu where they are applied.  
The development of stimuli-reponsive polymer hydrogels, such as poly(acrylic 
acid) (pAAc),21,22 poly(methacrylic acid) (pMAAc),23,24 poly(N-isopropylacrylamide) 
(pNIPAm),25,26 poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 
(poloxamer),27 poly(ethylene oxide)-poly(L-lactic acid)-poly(ethylene oxide) (PEO-
PLLA-PEO),28 and poly(vinyl pyridine) (pVPy),29  offers the pH- and thermo-
responsivity, sometimes called “intelligence”,30 to polymeric hydrogels. However, the 
thermodynamic stimuli-responsivity of microgels can not be confused with human 
intelligence (the ability to learn or understand or to deal with new or trying situation, 
from “Merrian-Webster Online”). I therefore will only use “responsive”, instead of 
“intelligent”, microgels in this dissertation. The response mechanism is based upon the 
chemical structure of the polymeric network, especially the functional groups on the side 
chains. For ionic gels containing weakly acidic pendent groups, such as pAAc and 
pMAAc, polymeric network swell as the pH of the external solution increases due to the 
 2
electrostatic repulsive interaction between negative charges on side chains and the 
osmotic pressure increased within the networks as a result of deprotonation of acidic 
groups.22 For temperature-responsive hydrogels, mostly based upon pNIPAm and its 
derivatives, they undergo a volume phase transition (collapse or shrinkage) when 
environment temperature is above their lower critical solution temperature (LCST) due to 
the broken hydrogen bonding between amide and structured water concurrent with the 
onset of hydrophobic interactions between pendent isopropyl groups.31 Stimuli-
responsive hydrogels have broad-spectrum applications in tissue engineering,18,32-40 
diagnosis,41 drug delivery,14,20,28,34,42,43 and biomaterials,2,18,20,36,42,44 which has been 
extensively reviewed. Hydrogels are sometimes classified as “macrogels” if the solvent 
for swelling the polymer network is not emphasized. 
1.1.2 Microgels and Stimuli-Responsive Microgels 
 When hydrogels are confined into a spherical space with a diameter ranging from 
100 nm to 10 μm, those hydrogel particles are called microgels,45-52 or μ-gels.46 
Microgels should be distinguished from dendrimers53-55 and star polymers56-58 because 
the size of cores of both dendrimers and star polymers is ignorable compared with that of 
microgel. Scheme 1.1 shows the topological difference between microgel, dendrimer and 
star polymer.  
 
 
Scheme 1.1 Topological differences between microgel, dendrimer and star polymer. 
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Actually, microgels represent the structures intermediate between branched 
polymers and macroscopically cross-linked networks in that their overall dimensions are 
comparable with those of high-molecular-weight linear polymers with internal structures 
resembling typical networks.46 Without cross-linking, polymeric chains in microgels 
would dissolve in solvent molecularly due to the dominance of polymer-solvent 
interaction over polymer-polymer interactions; microgels rely on the cross-linking to 
maintain their dimension stability and integrity.48 Inside the microgel particles, polymeric 
chains are cross-linked chemically and/or physically, and microgels are swollen by water 
due to their hydrophilicity. However, the border between hydrogel and microgel is 
sometimes blurred because porous polymeric hydrogel is composed of microgels via 
interconnection or self-assembly.59  
Historically, Elford first coined “microgel” for his membrane filtration study on 
Nitrocottons in 1930;60 and Staudinger first synthesized microgels using styrene cross-
linked by divinylbenzene in 1935.61 The term “microgel” was initially inspected by Baker 
in 1949.45 Furthermore, Shashoua classified microgels as the third topology of polymer 
chains, whereas the other two are linear and branched polymers.62 Obviously, Shashoua 
missed macroscopically cross-linked gels in his classification of polymer topology.63 
Microgels are traditionally obtained by emulsion polymerization with micelles stabilized 
by emulsifiers as the loci of particle growth.45,64-67 Polymeric microgels swollen by their 
corresponding monomers were also called latices.68 However, in early 1970s, Dunn,69 
Kotera,70 and Ottewill71 suggested that hydrophobic monomers, i.e. vinyl acetate69 and 
styrene,70,71 could polymerize in water to form polymeric latices at elevated temperature 
without surfactant, which since then has been termed “surfactant-free emulsion 
polymerization”.68 The majority of microgel prepared before 1986 are hydrophobic 
microgels, such as polystyrene (pSt)64,70,71 and poly(methyl methacrylate) (pMMA),72 
they are stabilized via surface charge or hydrophilic coating in aqueous phase.68,70-72 
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In 1986, hydrophilic thermoresponsive microgel composed of poly(N-
isopropylacrylamide) (pNIPAm) was synthesized by Pelton via surfactant-free radical 
precipitation polymerization of NIPAm and cross-linker, N,N’-methylene bisacrylamide 
(BIS), in aqueous phase.73 Because the polymerization temperature (~70 ºC) is much 
higher than the lower critical solution temperature of linear pNIPAm (~32 ºC), growing 
pNIPAm radicals would self-collapsed to form a globule as a precursor particle 
(precipitation) into which NIPAm monomers could be further incorporated.51 
Furthermore, residual sulfate groups from the decomposition of persulfate initiators are 
tethered on the surface of pNIPAm microgels, electrostatically stabilizing growing 
particles.51,63 Note cross-linker is not required to form pNIPAm-based microgel particles. 
Due to the possible chain transfer from isopropyl or amide groups on NIPAm segments, 
the cross-linker-free pNIPAm-based microgels were also prepared by Frisken and co-
workers,74-76 and we will use those squishy particles for ultrathin films in Appendix C. 
The pNIPAm-based microgels are the most extensively explored examples of stimuli-
responsive microgels because they have been prepared as bio/chemo-sensor,41,77,78 drug 
delivery carriers,79-81 and colloidal crystals.82-86 The incorporation of charged monomers, 
such as acrylic acid (AAc),87 methacrylic acid (MAAc),88 imposes both pH- and ionic 
strength-responsivity to microgels. The chemical structures of NIPAm, AAc and BIS are 
shown in Scheme 1.2.  
 
 
Scheme 1.2 The chemical structure of monomers NIPAm, AAc and cross-linker BIS. 
 
As shown in Section 1.1.1, macroscopic hydrogels are useful as biomedical 
devices for drug delivery2,14,16 and tissue engineering,18 however, they are fairly difficult 
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to characterize using common techniques for linear polymers. The molecular weight of 
macroscopic hydrogels is not available, and therefore they are assumed an infinite 
molecular weight. Also, the macroscopic nature of networks renders the quantitative 
measurement of topological features of hydrogels notoriously difficult.47 Limited by 
diffusion, the volume phase transition (VPT) of hydrogels is fairly slow.88 In comparison 
with their macroscopic counterparts, stimuli-responsive microgels have definite size and 
molecular weight,46,47,49,51,63 which are easily obtained by dynamic light scattering47,89,90 
and static light scattering,47 respectively. Furthermore, the fast kinetics of volume phase 
transition of microgels enables them appropriate for fundamental studies47,49 and 
biomedical applications.88 Therefore, the preparation and phase behavior of stimuli-
responsive microgel dispersions will be extensively discussed in this dissertation.  
1.2 Synthesis and Modification of Microgels 
1.2.1 Polymerization 
Microgel particles are synthesized by either polymerization or cross-linking of 
reactive micelles.46 The commonly adopted approach for microgel synthesis is 
(co)polymerization of vinyl monomers with cross-linker.48,68 Polymeric microgels could 
be divided into two categories: hydrophobic microgels and hydrophilic microgels. As 
mentioned in Section 1.1.2, hydrophobic microgels, such as polybutadiene45 and 
polystyrene61 microgels, are earliest examples of microgels dispersed in organic solvent. 
The common monomers for hydrophobic microgels are butadiene,45 styrene 
(St),66,67,70,71,91,92 methylmethacrylate (MMA),72,93,94 and vinyl acetate (VA),69 whereas 
the common cross-linkers are divinyl benzene (DVB) 61,62,64 and ethylene glycol 
dimethacrylate (EGDMA).93 The free-radical66,71 and anionic95 emulsion polymerization 
techniques were employed to prepare hydrophobic microgels in aqueous and organic 
medium, respectively. Due to the large difference between the refractive indices of 
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hydrophobic microgels and that of aqueous medium, van der Waals interactions between 
hydrophobic microgels are major driving force for the irreversible aggregation or 
coagulation of microgels, thereby reducing the yields. To enhance the colloidal stability 
and improve the yields, electrostatic70,71 or steric72 or electrosteric96 stabilization due to 
surfactants and/or electric charges must be conferred to hydrophobic microgels. 
Hydrophobic microgels, or more traditionally latices, such as polystyrene62 (pSt) latices, 
were therefore mostly obtained via emulsion polymerization in the presence of ionic 
surfactants. To improve the stability of latices, the polymerizable surfactant, such as 
sodium 9-acrylamidostearate, was introduced to immobilize surfactant on the surface of 
latices.67 On the other hand, the surfactant-free emulsion polymerization was developed 
to maintain the colloidal stability of hydrophobic microgels while eliminating the 
troublesome removal of surfactant from latices after polymerization.70,71 It is believed 
that surface-tethered sulfate anion (SO4–) from the decomposition of aqueous initiator, 
such as potassium persulfate (KPS) or ammonium persulfate (APS), stabilize 
hydrophobic latices electrostatically. For further details on the preparation and 
characterization of hydrophobic microgels, the readers are referred to these review 
articles.48,49,63,68  
In contrast to hydrophobic microgels, hydrophilic microgels can stabilize 
themselves without external charge or agents due to steric stabilization from their 
dangling hydrophilic chains tethered on particle surface.97 One of the most important 
hydrophilic microgels is thermoresponsive pNIPAm-based microgels.31,49-51 Other 
common monomers for thermoresponsive microgel were summarized by Pelton.51 It is 
well known that N-alkylacrylamide, especially N-isopropylacrylamide (NIPAm), could 
form thermoresponsive linear polymers,98,99 which undergo a “coil-to-globule” transition 
at temperature higher than lower critical solution temperature (LCST) via expelling 
structured water molecules due to the dominance of polymer-polymer interaction 
(hydrophobic interaction) over polymer-water interaction (hydrogen bonding).31 Inspired 
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by the collapse of pNIPAm chains at temperature higher than their LCST as nuclei for 
microgel growth, Pelton et al. used NIPAm as monomer to synthesize spherical 
hydrophilic thermoresponsive pNIPAm microgels.73 The mechanism for the preparation 
of pNIPAm-based microgels via persulfate-initiated surfactant-free radical precipitation 




Scheme 1.3 Mechanism for the preparation of pNIPAm-based microgels via the 
surfactant-free radical precipitation polymerization. Note: 1. For the convenience, only 
head-to-tail addition is assumed in the scheme, however, head-to-head and tail-to-tail 
addition can not be excluded in principle. 2. Cross-linkers are not shown in the scheme, 
however, cross-linkers are incorporated in the pNIPAm chains to form branched 
polymers since initiation stage. 3. As shown in the text, at elevated polymerization 
temperature, most of tangling pNIPAm chains collapse onto the pNIPAm particle surface, 
only negative charges on surface-tethered sulfate groups decomposed from persulfate 
stabilize particles from further aggregation.71,100 Whereas temperature cross-over the 
LCST, microgels become swollen stabilized via electrosteric mechanism.51 
 
In addition to thermoresponsivity, pH- and ionic strength-responsivity could be 
introduced to microgel systems via copolymerization of NIPAm with acidic or basic 
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monomers. Thus the surfactant-free radical copolymerization of NIPAm with functional 
monomers, such as acrylic acid (AAc),87,90,101-103 methacrylic acid (MAAc),88,104-106 
glycidyl methacrylate (GMA),107-110 and 4-vinylpyridine (VPy),111,112 in aqueous phase 
were used to form functional microgels.50,73,87,88,97,101,113 If polymerized in aqueous phase, 
the multi-vinyl cross-linkers, such as N,N’-methylene bisacrylamide62,73 (BIS) and 
ethylene glycol dimethacrylate (EGDMA),93 were used to create network structure 
whereas ionic surfactants, such as sodium dodecyl sulfate (SDS),62 are sometimes used 
for the stabilization of microgels and size control.114-116 In this dissertation, one-pot 
surfactant-free radical precipitation copolymerization of NIPAm and AAc at fixed or 
ramped temperature will be presented and discussed in Chapter 2 and 3, respectively. We 
have noticed that the polymerization temperature played a crucial role in the 
determination of particle size if other parameters, such as NIPAm/AAc/BIS/APS ratio 
and total monomer concentration, are fixed. The increase of synthesis temperature leads 
to the decrease of the size of pNIPAm-AAc microgels with higher yields, which agrees 
well with the literature.71,100 
In addition to one-pot copolymerization, microgels with “core-shell”90,117,118 
topology were also prepared via two-step “seed-feed” polymerization.90 Almost all kinds 
of functional groups could be incorporated into microgel particles by one-pot 
copolymerization, two-step “seed-feed” polymerization, and post-functionalization.50 For 
instance, the copolymerizations of NIPAm with other functional monomers were 
developed to incorporate biomolecule-reponsivity to microgel particles.41,78,119,120 In 
addition to random copolymeric microgel particles, microgels with controlled spatial 
distribution of functionalities were prepared as Janus particles121 via either microfluics122 
or Pickering emulsion123 techniques. Furthermore, “patchy” particles was proposed as a 
model for precise spatial control of functionalities on microgels.124 The hybridization of 
microgel particles with metal nanoparticles,125 metal oxide,126 metal sulfide,127 and 
semiconductors127 were performed for the application of microgels in diagnostics, 
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imaging and microreactors.127 As for copolymerization and hybridization, readers are 
referred to Chapter 2, Section 2.1 for more details.  
1.2.2 Cross-Linking of Reactive Micelles 
In addition to (co)polymerization approach, cross-linking of reactive micelles in 
nano-/micro-meter size range could also give rise to microgels. Core cross-linked star 
(CCS) microgels128,129 are one type of these microgels. Their rheological properties could 
be adjusted by tuning the softness, i.e. the arm number and length of CCS microgels.130 
Shell cross-linked microgels131 are the other type of these microgels. Both core and shell 
cross-linked microgels could be obtained by cross-linking micelles formed by self-
assembly of diblock copolymers,132,133 such as polystyrene-b-poly(4-vinylpyridine) (PSt-
b-PVP)134 and polyethyleneoxide-b-polybutadine.132 Various cross-linking techniques 
were reviewed, including photo-cross-linking,134 chemical coupling,135 polyelectrolyte 
complexation.131 
1.2.3 “Clickable” Microgels 
As shown in previous sections, the functionalization of pNIPAm-based microgels 
has several available routes, such as one-pot73,87 or two-step “seed-feed”90 
copolymerization of monomers with functional groups and post-modification of 
microgels via functional transformation.78,119 The important aim for functionalization is 
to add stimuli-responsivity to pNIPAm-based microgels.87,88 For instance, the 
copolymerization of AAc,87 MAAc,88 4-vinylpyridine (VPy)111,112 with NIPAm adds both 
pH- and ionic strength- responsivity to microgels, as we already discussed. Furthermore, 
the stimuli-responsivity87,89,113 and drug loading capability136 enables pNIPAm-based 
microgels an appropriate candidate as targeted drug delivery vehicle79,137-139 if microgels 
are equipped with ligands such as folate79 to locate and bind tumor cells and with 
poly(ethylene glycol) (PEG) to suppress non-specific protein binding (non-fouling).140-143 
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Importantly, targeted drug delivery vehicles can often require the presence of multiple 
different chemical handles for the immobilization of both therapeutic drugs and targeting 
biomolecules.80,138 However, the synthesis of such vehicles can be compromised when 
the targeting moieties possess functionalities that are cross-reactive or do not permit 
controlled, high-yield coupling to the microgel carrier. To circumvent this problem, the 
chemical handles should possess chemical orthogonality: not only be chemically inert to 
common functionalities and reactions in biological environments, but also react rapidly 
with complementary functionalities under ambient conditions and in aqueous media 
without interference from other functional groups. Bioorthogonal “click” reactions,144,145 
especially Cu(I)-catalyzed azide-terminal alkyne 1,3-dipolar cycloadditions,146-148 meet 
the above criteria and therefore represent a good choice for functionalization of microgel 
particles.  
“Click chemistry”, a modular reaction performed in benign solvent (water) with 
high yields and tolerance to O2 and H2O, and yielding easily isolated product with no or 
inoffensive byproduct, was first proposed by Sharpless et al. in 2001.145 All available 
“click” reactions are summarized by Sharpless et al.,148 of which the most extensively 
investigated reaction is Cu(I)-catalyzed azide-terminal alkyne 1,3-dipolar Huisgen 
cycloaddition discovered by Sharpless and Meldal independently in 2002,146,147 yielding 
1,4-disubstituted 1,2,3-triazole. The original version of azide-alkyne 1,3-dipolar Huisgen 
cycloaddition was performed at elevated temperature with slow kinetics and 1,4- and 1,5-
adduct,149 whereas the Cu(I)-catalyzed “click” version of Huisgen cycloaddition gives 
rise to stereospecific 1,4-adduct at room temperature with fast kinetics.146 In fact, water is 
employed as the solvent for click chemistry not only for environmental friendliness but 
also because water is the best heat-tank for handling enormous heat output by click 
reaction especially in large scale.148 Yet another benefit of water is that water prevents 
interference from protic functional groups, like hydroxyl, amino, carboxy groups, which 
are ubiquitous in biomolecules.148 Furthermore, thermodynamic reactivity and kinetic 
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stability of azide and terminal alkyne afford the unique orthogonality of Cu(I)-catalyzed 
1,3-dipolar cycloaddition to most functional groups.150 For instance, azides and alkynes 
are essentially inert to most biological and organic conditions, including highly 
functionalized biological molecules, molecular oxygen, water, and the majority of 
common reaction conditions in organic synthesis.148,150 Finally, the key difference 
between original Huisgen version and Sharpless-Meldal variant of 1,3-dipolar 
cycloaddition (click reaction) is the introduction of Cu(I) as catalyst in click chemistry. In 
contrast to the concerted mechanism in Huisgen thermal 1,3-dipolar cycloaddition, 
Sharpless-Meldal Cu(I)-catalyzed 1,3-dipolar cycloaddition is supposed to follow a 
stepwise mechanism shown in Scheme 1.4.146,150  
 
 
Scheme 1.4 Proposed mechanism of Cu(I)-catalyzed azide-terminal alkyne 1,3-dipolar 
cycloaddition. The stepwise catalytic cycle start from the formation of Cu(I)-acetylide 3 
via  a π complex 2 from the addition of Cu(I) catalyst on terminal alkyne 1. Following the 
formation of the active copper acetylide species 3, azide displacement of one ligand 
generates a copper acetylide-azide complex, such as the dicopper species 5. 
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Complexation of the azide activates it toward nucleophilic attack of acetylide carbon C(4) 
at N(3) of the azide (numbers based on traditional triazole nomenclature), generating 
metallocycle 6. This metallocycle 6 positions the bound azide properly for subsequent 
ring contraction by a transannular association of the N(1) lone pair of electrons with the 
C(5)–Cu π* orbital to form triazole copper derivative 7. Protonation of triazole-copper 
derivative 7 followed by dissociation of the product 8 ends the reaction and regenerates 
the Cu(I) catalyst. Note B in the above mechanistic diagram denotes some sorts of base in 
reaction mixture. 
 
Inspired by the bioorthogonality and biocompatibility of “click chemistry”, many 
investigators have tried to prepare “clickable” particles via either one-pot 
copolymerization151 or post-modification152,153 of particles for fundamental studies. Click 
reactions has also been executed on the microgel particles151,152,154-157 and biological 
nanoparticles.158,159 However, none of those clickable particles are pNIPAm-based 
microgels, and none of those synthetic protocols could yield azido-containing particles in 
one-pot approach. In this dissertation, a one-pot multi-feed synthesis for azido- or 
alkynyl-containing pNIPAm-based microgels and the click reaction between microgels 
and fluorophores with complementary functionalities will be presented in Chapter 6.  
1.3 Aging and Phase Behavior of Microgel Assemblies 
1.3.1 Self-Assembly of Microgels 
 The self- or directed-assembly of microgels have been extensively reviewed.160-167 
Self-assembly168 is the thermodynamically controlled association of entities at all length 
scales,169 from small molecules170 to polymers171 and nanoparticles,172,173 into structurally 
well-defined, stable aggregates through non-covalent interactions, including van der 
Waals interactions,174 π–π stacking,175 electrostatics,176 metal coordination,177 
hydrophobic interactions,178 and hydrogen bonding.179 Microgels could self-assemble to 
form wires, 123 sheets, 180,181 and lattices167,182,183 in one-, two-, and three-dimensional 
space, respectively. For instance, Janus microgel particles could form short wires via 
electrostatic interactions.123 Microgel thin films could be obtained by layer-by-layer (LbL) 
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adsorption of microgels and/or linear polymers on the substrate.162,167,182 In addition to 
colloidosomes,184,185 microgels could self-assemble into colloidal crystals in 2-D77 and 3-
D space.186,187 Asher et al. used pNIPAm colloidal crystals embedded in bulk hydrogels 
for optical switching.186 Richtering et al. prepared pNIPAm-AAc microgel colloidal 
crystals and used shift factor to estimate the effective volume fractions at freezing and 
melting point of microgel dispersions.83 Hellweg84 and Hu188 have shown that pNIPAm 
microgels could crystallize at appropriate volume fractions. Lyon82,85,86,189-191 et al. have 
shown that pNIPAm-based microgels could self-assembled into colloidal crystals at 
appropriate pH and volume fractions. All the above mentioned work laid out a solid base 
for the investigation I conducted in my dissertation. The pNIPAm-AAc microgel 
dispersions are allowed to self-assemble in a closed 3D space to form colloidal crystals,86 
in which self-assembly is not only a thermodynamic phase behavior but also a kinetic 
process dictated by aging phenomena.192  
1.3.2 Aging of Microgel Dispersions 
 Physical aging is a continuous dynamic evolution process wherein the rheological 
and mechanical properties of nonergodic disordered systems, i.e. glasses and polymers, 
change with time.193 Thus, response functions that characterize equilibrium properties 
behave in an unusual manner. If the response functions are measured over a short period 
of time they sample the quasi-equilibrium properties over the measurement period; 
however, they can vary substantially if measured at a series of different periods of time, 
as the material will relax or age to a new metastable state.194  
As for spherical particles, Grier et al. examined the impact of gravity on the aging 
of colloidal suspensions and spontaneous stratification after aging.195 To eliminate the 
effect of gravity, Cipelletti et al. use multi-speckle dynamic light scattering to measure 
the dynamic structure factors F(q,τ)196 of colloidal fractal gels formed by aggregation of 
polystyrene (pSt) spheres suspended in a buoyancy-matching mixture with volume 
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fractions 10–4 < Φ < 10–3. Along with aging, Cipelletti et al. found that a complete decay 
of F(q,τ) and a 2-order increase of the characteristic relaxation time τ, indicating a 
colloidal synerisis due to strong van der Waals attraction on pSt colloids. Furthermore, 
Schurtenberger et al. used diffusing-wave spectroscopy (DWS)197 to investigate the sol-
gel transition of concentrated suspensions of pSt spheres in buoyancy-matching mixture, 
and noticed that a dramatic change of the particle dynamics from a diffusion to 
subdiffusion arrested mode at the gel point.198 The physical origin of these aging 
behaviors is that the relaxation rate decreases with the age of the sample, and thus the 
time scale of the relaxation is itself a function of the age.199  
In addition to spherical particles, discoid particles such as laponite were used as 
models for studying the aging of colloidal glasses and gels. Bonn et al. used rheology to 
monitor the aging-induced transition from colloidal fluid to colloidal “Wigner” glass of 
highly charged laponite particles at very low volume fractions in ultrapure water.200 Bonn 
et al. noticed that the storage modulus G’ is lower than loss modulus G” immediately 
after sample preparation, indicating a diffusive fluid-like behavior; but with aging over 
hours, G’ >> G”, showing a viscoelastic solid behavior. Furthermore, they use multi-
speckle diffusing wave spectroscopy (DWS) to observe the decay of autocorrelation 
function G(2)(q,τ), the first decay corresponding to the fast diffusion within the cage 
formed by surrounding particles (fast β-relaxation) whereas the second decay indicating 
the escape from the cage (α-relaxation). Knaebel and Abou199,201 studied more 
concentrated laponite suspensions and find similar aging behavior in colloidal glasses.  
In contrast to spherical hard particles, microgel dispersions, such as pMAAc and 
pNIPAm particles, can be fluid-like immediate after preparation even at very high 
volume factions due to osmotic de-swelling.192 Cloitre et al. have studied the rheological 
behavior of concentrated poly(methacrylic acid) (pMAAc) microgel dispersions at 
different ages below the yield point. The concentrated polyelectrolyte microgel 
dispersions show history-dependent strain recovery, indicating aging occurs due to the 
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frustration and cooperative relaxation of steric constraints between interlocked 
neighboring particles.202 Furthermore, van den Ende et al. investigated the aging 
phenomena of pNIPAm microgel dispersions,203 and they found that the linear 
viscoelasticity of microgel colloids could be fitted by soft glass rheology (SGR)204 model 
quantitatively.205 Also, van den Ende et al. confirmed that the glass transition for 
microgel dispersions approach hard sphere limit, ΦG ~ 0.58, as particles get harder.206 In 
addition to rheology and dynamic light scattering techniques, Maske et al. used video 
microscopy to investigate the aging temperature in colloidal glass.207 Because of the 
larger microgel particle size (~1.5 μm) and advantages of real-time observation of 
microgel dynamics, we have used video microscopy to observe the evolution of 
concentrated pNIPAm-AAc microgel dispersions instead of using mechanical 
perturbation. It is noticed that pNIPAm-AAc particles deswell upon preparation freshly 
due to osmotic deswelling effect.208-211 However, along with aging of microgel 
dispersions, pNIPAm-AAc microgels slowly swell and self-assembled into crystalline 
phase.86,192 
1.3.3 Phase Behavior of Microgel Dispersions 
The phase behavior of colloidal dispersions have been extensively investigated 
and reviewed.83,86,192,196,212-217 The spherical colloidal particles could be categorized to 
several types: hard spheres, soft spheres, hard sticky spheres and soft sticky spheres. The 
simplest colloidal system contains only one component, which is hard-sphere dispersion 
in liquid media. Hoover and Ree theoretically determined the freezing and melting points 
of hard-sphere dispersions by equating the free energy of the fluid phase and that of the 
solid phase via Monte Carlo approaches.218 At freezing the volume fractions of the co-
existing fluid and solid phases were found to be ΦF = 0.494 ± 0.002, whereas at melting 
the volume fractions of the co-existing fluid and solid phases were found to be ΦM = 
0.545 ± 0.002.  Furthermore, Finney indicated that a more appropriate glass transition 
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point would be the volume fraction of random close packing (RCP), ΦRCP = 0.637 ± 
0.001.219-221 Recently, Torquato argued that maximally random jammed (MRJ) state is a 
more mathematically precise definition for random close packing, with a corresponding 
volume fraction of ΦMRJ ≈ 0.64.222 All the above packing volume fractions should be 
lower than the volume fractions of closest packing, i.e. face-centered-cubic (FCC) 
packing or hexagonal-cubic packing (HCP), with a volume fraction of ΦFCC = ΦHCP = 
0.7405 (π/√18). Along with the theoretical investigation, experimental studies were also 
conducted on hard-sphere model. Pusey and van Megen used poly(12-hydroxystearic 
acid) (pHSA)-stabilized poly(methyl methacrylate) (pMMA) colloidal particles in 
decalin-CS2 mixture solvent to form a refractive index-matching dispersions for the 
systematic study of their phase behavior, and found that the freezing, melting and glass 
transition are all in reasonably good agreement with the theoretical predictions.223 Soft 
spheres are regarded as spheres with long-range interactions; their phase behavior is 
dependent upon the interaction function form. For instance, for inverse power potential, 
the phase diagram was illustrated by Hoover,224 whereas for star polymers, the phase 
diagram was much more complicated.212 By adding free non-adsorbing polymers, short-
range depletion interactions are introduced into colloidal particles, which was sometimes 
termed “stickiness”.225-229 The phase behavior of colloidal dispersions have been 
extensively studied and reviewed.196,213,230-234 The canonical volume fraction for 
crystallization and glass transition will be compared with our effective volume fraction of 
pNIPAm-AAc microgels in phase behavior studies in this dissertation.192 
Microgels, as convenient model for soft spheres, can not only adapt their interaction 
potential but also change their size by tuning the number density of microgels in 
dispersion due to osmotic deswelling.209 Furthermore, with the inherent 
thermoresponsivity, pNIPAm-based microgels could change their size by tuning 
temperature without changing number density.190,214,217 Richtering first reported the phase 
behavior of pNIPAm microgel dispersions, where he used rheological measurement to 
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determine the phase behavior of microgel dispersions and found that, by using shift factor 
deducted from Batchelor variation of Einstein equation,235 crystallization start at Φeff, F ≈ 
0.59 and melting start at Φeff, M ≈ 0.61. The much higher crystallization volume fraction 
indicates the softness, or the deswellability of microgels.83 Furthermore, the phase studies 
were actually focused on the crystallization of microgel particles under specific 
conditions. Hellweg used small-angle neutron scattering (SANS) and video microscopy 
to observe the colloidal crystals of pNIPAm microgels, giving a melting temperature for 
pNIPAm crystal at ~26 ºC.84 Wu and Hu illustrate the correlation between the interaction 
potential and phase behavior of pNIPAm microgels.214,215 Lyon group start to focus on 
the crystallization of pNIPAm-based microgels in 2000, originally using pNIPAm 
colloidal crystal as a potential candidate of photonic crystal.82,85 After that, Lyon group 
pay much more attention on the thermodynamic and dynamic mechanism for the 
colloidal crystallization of pNIPAm-based microgels in closed system. We have 
investigated the role of volume fraction, obtained from shift factor via rheological studies, 
on the crystallization and melting of pNIPAm217 or pNIPAm-AAc190 colloidal crystals. 
Furthermore, we start to test the pH-responsivity of pNIPAm-AAc colloidal 
crystallization.86 In addition to crystallization, we have also observe the heat-induced 
melting of colloidal crystals. In contrast to the melting of pNIPAm colloidal crystals at 26 
ºC215,217 (lower than VPTT of pNIPAm microgels), pNIPAm-AAc colloidal crystals show 
an unusual thermostability up to 40 ºC86 (higher than VPTT of pNIPAm-AAc microgels), 
which provide an indirect evidence for the net attractive interaction evolved during the 
aging-convoluted crystallization process.192 Finally, we expand the pH from 3.0 up to 6.0 
and obtained the whole phase diagram of pNIPAm-AAc microgel dispersions, which 
definitely cover both crystallization and glass transition.192 
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TEMPERATURE-FIXED SYNTHESIS OF  
MULTI-RESPONSIVE MICROGELS 
 This chapter describes the synthesis and characterization of multi-responsive 
cross-linked poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-AAc) microgel 
particles, which will be used for the aging and phase behavior of colloidal dispersions 
and synthesis of cross-linker-free pNIPAm-AAc and pNIPAm-based clickable microgels 
in Chapters 4 and 5. Thermoresponsivity of pNIPAm-AAc microgel particles is due to 
coil-to-globule transition of N-isopropylacrylamide segments at lower critical solution 
temperature (LCST),1 also called volume phase transition temperature (VPTT),1,2 
whereas pH-responsivity of pNIPAm-AAc microgel particles is attributed to the change 
of electrostatic repulsive interaction, hydrogen bonding, hydrophobic interactions 
between amide and/or carboxylic acid groups and the Donnan equilibrium shift due to 
osmotic pressure change as environmental pH crossover their pKa.3  
2.1 Introduction 
2.1.1 One-Pot Copolymerization 
Stimuli-responsive microgel particles4 have received extensive investigation in 
recent years due to their current and potential applications in coatings,5 sensors,6-8 and 
drug delivery vehicles.9-12 Most stimuli-responsive homopolymeric microgels are 
sensitive to only one environment stimulus, which we might termed “mono-responsive” 
microgels. For instance, poly(N-isopropylacrylamide) (pNIPAm) microgels are 
essentially only responsive to temperature and almost inert to pH and ionic strength;13-15 
whereas poly(acrylic acid) (pAAc) microgels are responsive to pH and ionic strength, but 
almost inert to temperature.16 However, multi-responsive microgel systems are required 
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for the real-world applications such as drug delivery,9,12,17-24 sensor,6,7,25 and 
microreactors.26 If we assume thermoresponsivity of NIPAm segments are not 
diminished and pH-responsivity of AAc segments is significant enough by incorporation 
of less than 20 mol% of AAc, the combination of two monomers NIPAm and AAc into 
one copolymeric microgel particles is the logical answer to multi-responsive microgel, 
which is responsive simultaneously to temperature, pH, and ionic strength.3,27 Therefore, 
one-pot surfactant-free precipitation polymerization of NIPAm with AAc and  cross-
linker N,N-methylene bisacrylamide (BIS) was conducted at 70 ºC in water for 6 hours to 
form pNIPAm-AAc multi-responsive microgels,3 which demonstrated a reduced lower 
critical solution temperature (LCST), also called volume phase transition temperature 
(VPTT), in comparison with that of homopolymeric counterpart, pNIPAm microgels.28 In 
addition, other anionic monomers, i.e. methacrylic acid (MAAc),29 and cationic 
monomers, i.e. 1-vinylimidazole (VIm)30 and 4-vinylpyridine (VPy),31 were 
copolymerized with NIPAm to form multi-responsive microgels as well. Due to the 
ionizability of AAc and VIm monomers, multi-responsive microgel particles are also 
called polyelectrolyte microgels.30 If both cationic and anionic monomers are 
simultaneously incorporated with NIPAm in microgels, polyampholyte microgels formed 
with remarkable swelling at both higher and lower temperature.32 Frisken et al. found that 
cross-linker-free polymerization of NIPAm with AAc resulted in squishy pNIPAm-AAc 
multi-responsive microgels.33 On the other hand, instead of using water as solvent for 
polymerization, supercritical CO2 (scCO2) was employed for the precipitation radical 
polymerization of NIPAm, AAc, and N-vinylpyrrolidone.34 To transform the fast-
responsivity of microgel particles to bulk hydrogel (macrogel), Gupta et al. cross-linked 
pNIPAm-AAc microgel particles via redox-initiated copolymerization of NIPAm and 
BIS to form bulk hydrogels with cross-linked microgel particles 35 responding to 
temperature and/or pH change much faster than conventional bulk hydrogels.36 
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2.1.2 Topological Control of Functionalities 
Instead of using random copolymerization of NIPAm and AAc to form microgels, 
Ballauff et al. adopt a core-shell topology in which polystyrene (pSt) core coated with 
cross-linked pNIPAm-AAc shell demonstrates continuous volume transition in contrast 
to the discontinuous volume phase transition (VPT) of pNIPAm-AAc copolymeric 
microgels.37 In addition to conventional radical polymerization of NIPAm and AAc on 
the surface of pSt core, Kawaguchi et al. offered an alternative “Iniferter” approach for 
grafting pNIPAm-AAc chains on pSt cores. In stead of a discontinuous one-step volume 
phase transition suggested by Ballauff, Kawaguchi et al. found a two-step volume phase 
transition of pSt(core)/pNIPAm-AAc(shell) at 0.01M KCl buffer.38  
Furthermore, Lyon et al. used two-step “seed-feed” polymerization to obtain 
pNIPAm(core)/pNIPAm-AAc(shell) and pNIPAm-AAc(core) /pNIPAm (shell) core-shell 
microgel particles with multi-step volume phase transition at pH 6.5 buffer, which was 
attributed to the restriction effect of shell, inhomogeneity of AAc/NIPAm distribution, 
and coupling of pNIPAm-AAc and pNIPAm at interfaces.39-41 Similarly, Khan 
synthesized pNIPAm(core)/pAAc(shell) microgel particles,42 and Zhang et al. graft 
polyethyleneimine (PEI) on surface of pNIPAm-AAc microgels.43 Hu et al. also used a 
two-step polymerization to form pNIPAm-AAc microgels with interpenetrating network 
(IPN) structure, which could self-assemble into ordered structure at temperature lower 
than LCST44 or form viscoelastic bulk gel at LCST of pNIPAm-AAc IPN microgels.45  
Furthermore, to incorporating the biological functionalities, such as folate and 
NH2 groups, on the pNIPAm-AAc particle, Lyon et al. used fluorenyl-methoxy-carbonyl 
(Fmoc)-protected poly(ethylene glycol) (PEG) macromonomer to prepare pNIPAm-AAc-
based microgels, and form multifunctional microgels with both carboxylic acid and 
amine groups followed by deprotection.46 In addition to chemical modification of 
microgels, Richtering used layer-by-layer deposition of pNIPAm-AAc, 
poly(diallyldimethylammonium chloride) (PDADMAC) and poly(sodium 4-
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styrenesulfonate) (PSS) to form pNIPAm(core)/ pNIPAm-AAc(shell 1)/PDADMAS 
(shell 2)/PSS(shell 3) microgels, with charge reversal and strong dependence of particle 
swelling on the adsorption of each layer on microgel particles.47 For precise control of 
spatial distribution of AAc monomers, Janus particles were fabricated via Pickering 
emulsion approach 48 to control the functionality distribution on the surface of pNIPAm-
AAc microgels. Microfluidic approach was employed to form Janus particles as well.49,50  
2.1.3 Hybridization of Microgel Particles 
In fact, a slew of hybridizations of pNIPAm-AAc microgels have been conducted. 
Vincent et al. synthesized pNIPAm-AAc copolymeric microgel particles for Pb(II) ion 
adsorption51, processing aid for alumina powder dispersions,52 and polyethylene oxide 
(PEO) uptake and release.53 Snowden et al. used pNIPAm-AAc microgels for the 
fabrication of spherical phosphor europium-doped yttrium oxide (Y2O3:Eu) particles with 
diameter smaller than 100nm for field emissive displays (FED's) and cathode ray tube 
(CRT) applications.54 Furthermore, hybrid core-shell type nanoparticles with gold core 
and pNIPAm-AAc shell were obtained for potential applications in targeted drug 
delivery.55-58 Similarly, silver nanoparticles (AgNP) are included in pNIPAm-AAc 
microgels, thus-formed composite microgels demonstrate charge transfer from carbonyl 
groups to AgNP.59 Fang, et al. also synthesized composite microgels by deposition of 
CuS on pNIPAm-AAc microgels to form patterned surface mophologies60 or by inclusion 
of Fe3O4 nanoparticles to form super-paramagnetic composite microspheres.61 Li et al. 
then synthesized CdTe/pNIPAm-AAc hybrid microgels for pH-controllable self-
assembly.62  
2.1.4 Characterization of pNIPAm-AAc Microgel Particles 
Many research groups have used a variety of techniques to investigate the thermal 
and pH responsivity of pNIPAm-AAc microgel particles, especially the volume phase 
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transition at LCST and pKa. Saunders et al. found that free polymers induce the de-
swelling of pNIPAm-AAc particles due to osmotic de-swelling effect via photon 
correlation spectroscopy (PCS) and small-angle neutron scattering (SANS).63 Eimer et al. 
have also used SANS to determine the influence of cross-linker and charge density on the 
inhomogeneous local structure and swelling dynamics of pNIPAm-AAc microgels.27 
Kokufuta et al. used potentiometric titration to determine carboxylic acid content of 
pNIPAm-AAc microgels, and they also claimed that microgels swell through an increase 
in the net charge density due to the COO- ions rather than a rise in the osmotic pressure 
arising from mobile counterions within the microgel boundary.64 Furthermore, Kokufuta 
found that apparent dissociation constant (pKa) increased with increasing degree of 
dissociation but decreased by addition of NaCl. In addition, Keiding noticed that pKa was 
dependent upon the local concentration of AAc residues in microgels albeit independent 
of overall AAc concentration.65 Using potentiometric titration and dynamic light 
scattering, Eimer et al. found that with AAc content higher than 10 wt% in pNIPAm-AAc 
microgels, two-step phase transition appears at pH ≥ 5 due to the hydrogen bonding 
between AAc and NIPAm segments; they also preliminarily investigated the aggregation 
of pNIPAm-AAc microgels at lower pH and/or higher ionic strength,66 which was further 
studied by Makino et al.67 For random copolymeric pNIPAm-AAc microgel particles, 
Pelton and Hoare provided a kinetic modeling for copolymerization68 and a theoretical 
estimation on the functional group distribution,69 which could be used to control 
functional group distribution and thereby tailoring microgel-drug interactions.70 Their 
theoretical predication was supported by their electrophoretic71 and titrimetric72 
characterization of a series of pNIPAm-based microgels.  
Stimuli-responsive microgel thin films have been extensively investigated in 
recent years. Kawaguchi et al. use pNIPAm-AAc self-assembled monolayer (SAM) for 
surface plasma sensor (SPR) to detect pH and temperature change at different buffer.73 
Hellweg et al. used a spin-coating technique for the fabrication of pNIPAm-AAc thin 
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films on silicon wafer and observe the thermoresponsivity of microgel films at pH 2 
buffer.74 To understand the multi-responsivity and phase behavior quantitatively, the 
interaction between pNIPAm-AAc microgel particles and silica surface was further 
measured via atomic force microscopy(AFM) with silica colloid probe by Jenkins et al.75 
The interaction between microgels and silica probe are not Dejaguin-Landau-Verwey-
Overbeek (DLVO)-form76,77 due to the compression/deformation (softness) of microgels 
and the presence of “hairy” steric layer composed of dangling polyelectrolyte chains, 
whose conformations are dictated by the pH and/or ionic strength. Furthermore, in situ 
magnitude cantilever excitation (MAC)-mode AFM was employed to determine the 
thermal phase transition behavior of single pNIPAm-AAc microgels, showing that 
Young’s modulus of single microgel particles increases approximately 15-fold at volume 
phase transition temperature (VPTT), corresponding to a transition from a water-swollen 
soft network to a stiffer deswollen state.78  
2.1.5 Applications of pNIPAm-AAc Microgel Particles 
Furthermore, the real-world applications of microgel particles and their 
assemblies in drug delivery, diagnostics, and sensors. As for drug delivery, Hu et al. used 
6.0 wt% pNIPAm-AAc IPN microgel dispersions to form bulk hydrogel for the release 
studies.45 Lynch et al. demonstrated a thin-film of "plum-pudding" gel with two different 
populations of microgels, pNIPAm-NtBAm (N-tert-butylacrylamide) and pNIPAm-AAc 
microgels, embedded into a single bulk gel, which could release neutral and cationic 
hydrophobic fluorescent molecules simultaneously and therefore a multifunctional 
platform for surface drug delivery.9  
Instead of using bulk macrogel, Chiu et al. used pNIPAm-AAc microgels for drug 
delivery system.79 Similarly, Zhang et al. fabricated pNIPAm-AAc IPN microgels 
carrying glucosamine for in vitro study of the release of insulin, and they found that the 
release of insulin was faster around tumor cells than normal cells.24 Vincent found that 
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the uptake and release of PEO from pNIPAm-AAc microgels were dependent upon the 
AAc content, pH, molecular weight (MW) of PEO, cross-linking density, and 
temperature.53 Huo et al. also pointed out the binding of bovine serum albumin (BSA) 
with pNIPAm-AAc microgel particles was mainly controlled by pH.80 Furthermore, Lyon 
et al. proposed pNIPAm-AAc nanogel with diameter less than 100 nm for targeted drug 
delivery vehicles.21 Park et al. used galactosylated pNIPAm-AAc microgels for specific 
endocytosis by hepatocytes, which demonstrated the potential of pNIPAm-AAc 
microgels as targeted drug delivery vehicles.81  
As for biosensors for diagnostics, Lyon et al. have used pNIPAm-AAc microgels 
to fabricate microlenses for label-free sensing of avidin,6 anti-biotin,6 biocytin82 and to 
fabricate thin films via layer-by-layer deposition for temperature, pH, and electrolyte-
modulated83 uptake and release of insulin18,84 and doxorubicin.85 Lyon et al. also 
confirmed that bioresponsive microlenses made by pNIPAm-AAc microgels are 
completely insensitive to simple adsorption via nonspecific protein binding from 
reconstituted human serum.86 Zhou et al. conducted functionalization of pNIPAm-AAc 
microgels with 3-aminophenylboronic acid (APBA) via carbodiimide coupling to make 
glucose-sensitive microgels.87,88  
Along with the investigations carried out in Lyon group, this chapter describes the 
synthesis, purification and characterization of pNIPAm-AAc microgel particles, which 




 N-Isopropylacrylamide (NIPAm, Acros) was re-crystallized from n-hexanes (J.T. 
Baker) and dried under vacuum prior to use. Acrylic acid (AAc, Fluka), N,N’-methylene 
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bisacrylamide (BIS, Aldrich) and ammonium persulfate (APS, Sigma) were used as 
received. All water used throughout this investigation was distilled and deionized to a 
resistance of at least 18 MΩ·cm (Barnstead E-Pure system) and then filtered through an 
in-line 0.2-μm filter to remove particulate matter. 
2.2.2 Microgel Synthesis, Purification and Lyophilization 
The same batch of microgels was used throughout all the experiments presented 
in this chapter. Multi-responsive pNIPAm-AAc microgels were prepared by APS-
initiated surfactant-free radical precipitation copolymerization of monomer NIPAm and 
comonomer AAc with cross-linker BIS. Isopropyl and carboxyl functional groups on the 
polymeric side chains were combined for multi-responsivity (temperature and pH). The 
reactant mixture composed of 84 mol% NIPAm (1.8 g), 15 mol% AAc (0.2 g) and 1 
mol% BIS (0.04 g) was made by dissolving the reagents in 100 mL deionized water via 
ultrasonication. The reactant mixture was charged through an in-line 0.8-μm syringe filter 
into a 250-mL three-neck round bottom flask. During 60 minutes of N2 purge, the 
mixture was heated from 22 to 60 °C and maintained at the same temperature throughout 
the synthesis. After the temperature of reactant mixture was stabilized and O2 in reaction 
vessel was replaced by N2, 5 mL of 0.078 M APS aqueous solution was added to initiate 
the copolymerization. The copolymerization was allowed to proceed for 6 h at 60 °C 
under N2. The resultant colloidal dispersion was filtered through glass fiber to remove a 
small amount of coagulum and then transferred to several 10-mL Oak Ridge® 
polycarbonate centrifuge tubes (Nalgene). After centrifugation at a relative centrifugal 
force (RCF) of 15,422 × g and 25 °C for 1 hour, the supernatant in each tube was 
removed. Fresh deionized water was then added into each tube to redisperse microgel 
pellets via shaking overnight. The centrifugation and redispersion process was repeated 
four times. After purification, the microgel dispersion was lyophilized at −45 °C under 40 
× 10−3 mbar for 72 hours. The freeze-dried product was a hygroscopic white powder. 
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Note the lyophilization of pNIPAm-AAc microgel dispersions will not have a detrimental 
effect on the physico-chemical properties, such as polydispersity, re-dispersibility, 
thermoresponsivity, and  pH-responsivity.89 Furthermore, to examine the synthetic 
temperature effect on the particle size and yield of pNIPAm-AAc microgels, particles are 
synthesized at temperature 45, 50, 55, 65, and 70 °C as well to control the particle size. 
(Refer to Section 2.3.5 for results.) 
2.2.3 Aqueous Buffer Preparation 
Aqueous buffers were prepared using recipes from buffer calculator developed by 
R. Beynon at the University of Liverpool.90 The pH values were measured to ± 0.1 units 
by a pH meter (pH 430, Corning Corp.) with an Accumet probe (Cole-Palmer). The ionic 
strength was controlled by adding the appropriate amount of NaCl based on the buffer 
calculation. Because ionic strength is proportional to the conductivity, the ionic strength 
of pH buffers was determined by measuring the conductivity of corresponding pH buffers. 
The conductivity was measured with a Pinnacle 541 conductivity meter (Corning Corp.) 
with a “3 in 1” Combo with a RJ probe (Corning Corp.). Conductivity values for all 
aqueous buffers were 1.48 ± 0.20 mS/cm.  
2.2.4 Dilute Microgel Dispersion Preparation 
The microgel dispersions were prepared by first dispersing approximately 10 mg 
pNIPAm-AAc powder in 10 g of distilled, de-ionized water and shaking for overnight to 
obtain an 0.1 wt% dispersion. A 250 μL aliquot of the 0.1 wt% dispersion was then 
diluted to a concentration of 0.002 wt% and 0.0002 wt% in aqueous buffer for dynamic 
light scattering and electrophoresis, respectively. For microscopic visualization, the dilute 
microgel dispersions (0.01 wt%) were introduced into 5.0 × 2.0 × 0.1 mm 
VITROTUBE™ rectangular capillaries (Fiber Optic Center, Inc.) by capillary force at 
room temperature, and then sealed with Epoxy Putty™ (ITW Devcon®) resin. 
 51
2.2.5 Microgel Characterization 
2.2.5.1 Photon Correlation Spectroscopy (Dynamic Light Scattering) 
The size of multi-responsive microgel particles was determined via photon 
correlation spectroscopy (Protein Solutions Inc.) using an irradiation laser with a 
wavelength of 784 nm. A series of buffer solution with different pH values were prepared 
for PCS measurement. The dilute (0.001~0.01 wt%) dispersion of pNIPAm-AAc 
microgels was allowed to equilibrate thermally for at least 30 min before each set of 
measurements. The schematic diagram of DLS instrument is shown below, 
 
 
Scheme 2.1 Schematic diagram of a conventional 90º dynamic light scattering instrument 
from Malvern Instruments Ltd. (http://www.malvern.de/LabGer/technology/ 
dynamic_light_scattering/classical_90_degree_scattering.htm) 
 
The collected intensity-intensity autocorrelation functions G(2)(τ,θ) is related to 
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where τ is the delay time, θ the scattering angle, A measured baseline, and β the coherent 
factor of the detection. For a polydisperse sample, |g(1)(τ,θ)|  is related to the relaxation 
rate (Γ) distribution G(Γ) 
τθτ τ deGg Γ−
∞
∫ Γ= 0
)1( )(),(         (2-2) 
The cumulant analysis91 is used to calculate G(Γ) from |g(1)(τ,θ)|. For a diffusive 
relaxation at infinite dilution of colloids, the relation rate (Γ) can be expressed as 
2Dq=Γ           (2-3) 
where D is the translational diffusion coefficient at C→0 and q→0. Here q is the 












πnq          (2-4) 
with n, λ0, and θ being the refractive index, irradiation wavelength in vacuo,  and 
scattering angle. Therefore, translational diffusion coefficient D is related to the 






=          (2-5) 
where kB, T, d and ηs are the Boltzmann constant, the absolute temperature, the 
dimensionality, and the solvent viscosity, respectively. All PCS measurements were 
carried out at the scattering angle θ = 90°.29 In the data presented later, each point 
corresponds to the average of 5 runs, each run including 20 measurements, each 
measurement having a 10 s integration time. 
2.2.5.2 Bright-Field Inverted Optical Video Microscopy 
Bright-field images (transmission mode) were obtained with an inverted Olympus 
IX-71 microscope equipped with a 100× oil immersion objective and AndorTM LUCA 
electron multiplying charge-coupled device (EMCCD) camera. The sample temperature 
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was controlled with a temperature stage (Physitemp) as well as an objective heater 
(Bioptechs) to within ± 0.1 °C. Typically, after thermal equilibration for 60 minutes, the 
images were recorded at the middle layer of microgel assemblies, ~50 μm away from 
both upper and lower inner walls to minimize perturbations from the glass surface. 
Andor™ iQ 3.0 software were used to monitor and record the motion of microgels at a 
recording rate of 30 frames/s. To enable quantification of particle motion, the microgel 
positions in an image time series acquired via video microscopy were analyzed using a 
modified version of the particle tracking code originally developed by Crocker and 
Grier92 in the IDL 6.0 (ITT Corporation) programming environment.  
A particularly illustrative means for presenting the dynamics of microgel particles 
in those phases is through a double logarithm plot of the microgel mean squared 
displacement (MSD) versus lag time (τ). The MSD of colloidal particles in an ensemble is 
given by  
MSD(τ ) = ri t + τ( )− ri t( )[
2]
i,t
        (2-6) 
where ri(t) is the position vector of the ith particle at time t, τ is the lag time, and 〈〉i,t 
indicates the spatial average over the ensemble of particles as well as all starting times t. 
In the colloidal gas regime, where particle motion is purely diffusive and interactions 
between particles are minimal, the MSD should be proportional to lag time,  
MSD τ( )= 2dDτ          (2-7) 
where d is the dimensionality of the displacement vectors and D is the translational self-
diffusion coefficient of microgel particles. Very dilute (0.01 wt%) microgel suspensions 
were tracked by video microscopy to obtain linear MSD vs. τ plots; because dilute 
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dispersion exhibit unhindered diffusion, the translational self-diffusion coefficient D 




/2d          (2-8) 
Combining this with the Stokes-Einstein equation (2-5) yields an expression from which 





          (2-9) 
where kB is Boltzmann constant, T absolute temperature, 
dMSD τ( )
dτ
 the slope of the linear 
MSD vs. τ plot, and ηs the intrinsic viscosity of solvent. 
2.2.5.3 Acid-Base Titration 
The solid powder of pNIPAm-AAc (16.8 mg) was dissolved in 10 mL deionized 
water to obtain pNIPAm-AAc microgel dispersions. Standard NaOH aqueous solution 
(0.1050 N, Aldrich) was used as a titrant. The pH values were measured to ± 0.01 units 
by a pH meter (pH 430, Corning Corp.) with an Accumet probe (Cole-Palmer). During 
the titration, pH was measured as the function of the volume of delivered standard NaOH 
solution. After each 10 μL of titrant was delivered into the pNIPAm-AAc microgel 
dispersions, followed by magnetic stirring for approximately 10 minutes, the pH value 
was stable and recorded. The total volume of standard NaOH solution delivered at 
equivalence point was used to calculate the carboxyl content of pNIPAm-AAc microgels. 
2.2.5.4 Electrophoresis 
For a charged particle, moving with respect to the solution phase, the potential at 
the shear surface, with respect to the bulk solution, is usually referred to as the "zeta (ζ) 




Scheme 2.2 Schematic representation of zeta potential from Malvern Instruments Ltd. 
(http://www.malvern.com/LabEng/technology/zeta_potential/zeta_potential_LDE.htm) 
 
It is difficult to measure ζ potential directly, and therefore it is estimated 
indirectly by electrophoresis. In a chamber with parallel oppositely charged electrode, a 
charged particle is subjected to a uniform electric field E, causing it to move towards the 
oppositely charged electrode. The particle attains a constant velocity v when the viscous 
drag force balances the electric force. The velocity v could be used to calculate the 
electrophoretic mobility μ, which depends on the size, shape, and charge of the particle.  
Ev μ=           (2-10) 
The electrophoretic mobility μ can be related to the ζ potential using various models.93 
For highly polar solvents such as water, the simplest model relates the zeta potential to 
the mobility in terms of the viscosity ηs, and the relative permittivity εr, of the continuous 





μ 0=            (2-11) 
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where ε0 is the permittivity in vacuo. The problem then becomes measuring the speed of 
small particles. The movement of particles can be followed using laser Doppler 
electrophoresis (LDE). When light is scattered from a moving particle, its frequency will 
be shifted by an amount depending on the speed and direction of the movement. In the 
absence of a charge-induced particle flow, the observed frequency broadening is solely 
due to the Brownian motion of the particles and can be used to calculate the diffusion 
coefficient and hence hydrodynamic diameter. (Details are shown in Section 2.2.5.1) 
When an electrical field is applied to a charged particle, its net motion vector becomes a 
sum of coherent (charge dependant) and incoherent (Brownian motion). The electrical 
properties of the scattering particle can then be calculated if these terms can be 
distinguished. In brief, laser Doppler electrophoresis measures small frequency shifts in 
the scattered light that arise due to the movement of particles in an applied electric field. 
The frequency shift Δf is equal to  
( )
λ
θ 2/sin2vf =Δ          (2-12) 
where v is the particle velocity, θ scattering angel, and λ the wavelength of incident light. 
However, the signal (coherent) to noise (incoherent) ratio becomes progressively smaller 
for low mobility particles. The charge-induced movement of the particles could be 
increased, and therefore be more easily measured, by increasing the time they are 
exposed to the voltage gradient or increasing the magnitude of that gradient. 
Unfortunately long experiments can lead to an accumulation of particles at one of the 
electrodes and high voltages can lead to Joule heating—either effect would disrupt 
measurement. Until recently these limitations made measurement of the charge of low 
mobility colloids extremely difficult. In phase analysis light scattering (PALS), a laser 
beam is split, a frequency modulation is applied to a portion of the light and it is then 
used to generate a scattering pattern from a suspension of particles. The scattered light is 
recombined with the original (unmodulated) beam. Light scattered from even a stationary 
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particle by a phase modulated laser beam will have a finite, measurable, Doppler 
frequency equal to the frequency of the modulation. If the particle moves in the applied 
voltage gradient, the relative phase will shift, and can be detected by a phase comparator. 
The phase comparison takes place over many cycles and hence, the frequency shifts can 
be measured accurately,95 thereby allowing calculation of ζ potential using 
Smoluchowski equation. 
A Malvern Zetasizer based upon PALS was used to determine the ζ potential of 
pNIPAm-AAc microgel particles in the very dilute regime (0.0002 wt%) at 20 °C. Before 
the measurements, the 1-mL pNIPAm-AAc dispersion in designated buffer was thermally 
equilibrated between parallel electrodes in cuvette for 60 min. Only one run was 
conducted for each sample, each run containing 20 measurements, each measurement 
taking 10 s. The ζ potential of pNIPAm-AAc microgels at different pH values was 
calculated via Smoluchowski equation by software.  
2.3 Results and Discussions 
2.3.1 Thermoresponsivity 
All pNIPAm-AAc microgel particles are thermo- and pH-responsive. For 
pNIPAm-AAc particles with diameter no more than 2.5 μm, it is possible to determine 
their size via photo correlation spectroscopy (PCS), also called dynamic light scattering 
(DLS). (Calculation details are shown in Section 2.2.5.1.) For pNIPAm-AAc particles 
with diameter above 2.5 μm, particle tracking technique via video microscopy could be 
used to determine the particle diameter. (Calculation details are shown in Section 2.2.5.2) 
Figure 2.1 presents the thermo-responsivity of pNIPAm-AAc microgel particles (0.002 
wt% of polymer in pH 3.0 buffer). The lower critical solution temperature (LCST) for 
pNIPAm-AAc microgel particles at pH 3.0 buffer is approximately 30~31 ºC, which is 




Figure 2.1 The hydrodynamic diameter (σ) of pNIPAm-AAc microgel particles 
measured by dynamic light scattering at 0.002 wt% in pH 3.0 buffer with temperature 
ranging from 20 to 40 °C. The LCST is approximately 30~31 ºC. 
 
2.3.2 pH-Responsivity 
At pH below pKa of AAc moieties, the protonation of AAc monomers induce 
weakly attractive interaction (stickiness) between particles and borosilicate glass surface 
probably due to hydrogen bonding between carboxyl groups on microgels and hydroxyl 
groups on glass slides, thereby leading to the irreversible adsorption of pNIPAm-AAc 
particles on the glass surface in the rectangular capillaries. Figure 2.2 presents the 





Figure 2.2 Microscopic images of the irreversible adsorption of pNIPAm-AAc microgel 
particles (0.01 wt% dispersion) to a glass surface (inner surface of a capillary) in a pH = 
3.0, I = 10 mM aqueous buffer. The in situ recording of the adsorption is a strong 
evidence of the stickiness of pNIPAm-AAc microgel particles. Note the presence of 
multiple particles that have already adhered to the glass. Scale bar = 10 μm. 
 
With the increment of pH values of buffer in which pNIPAm-AAc microgel 
particles are dispersed, the unperturbed hydrodynamic diameter (σ) of particles increase 
significantly with a size jump at pH close to pKa (~4.25) of AAc monomers. The 
increment of pH value leads to the increasing degree of deprotonation of AAc monomers, 
thereby reducing the hydrogen bonding between carboxylic acid and/or amide groups and 
increasing the electrostatic repulsion between anionic carboxylate groups and osmotic 
pressure of microgels. Hence, the average hydrodynamic diameter of pNIPAm-AAc 
microgel particles increases, thereby reducing the refractive indices of particles and van 
der Waals attractions between particles. Furthermore, the deprotonation of AAc moieties 
disrupt the possible hydrogen bonding between carboxyl groups and hydroxyl groups on 
glass surface of capillaries. Thus at higher pH values such as pH 5.0, no pNIPAm-AAc 
particles were adsorbed to the inner wall of capillaries. Figure 2.3 demonstrate the 
increase of unperturbed hydrodynamic diameter of pNIPAm-AAc microgel particles with 




Figure 2.3 The hydrodynamic diameter (σ) of pNIPAm-AAc microgel particles 
measured by particle tracking via video microscopy at 0.01 wt% in buffers with pH 
values ranging from 3.0 to 6.0 at 20 °C. 
 
2.3.3 Acid-Base Titration 
Acid-base titration was used to determine the amount of AAc in copolymeric 
microgels based on the neutralization of carboxylic acid by hydroxide. Figure 2.4 
demonstrated the acid-base titration curve of pNIPAm-AAc microgel dispersions titrated 
by standard NaOH aqueous solution (0.0105N). It is noticed that the pH jump from 8.3 
up to 8.9 when approximately 1.72 mL standard NaOH solution was delivered to 
pNIPAm-AAc dispersions. We already know the weight of pNIPAm-AAc polymer 
powders for preparation of dispersions, so the content of AAc in pNIPAm-AAc powder is 



















Approximately 77.5 mg of AAc was incorporated in 1 g of pNIPAm-AAc powders via 
copolymerization, which is lower than the feed ratio, approximately 96.2 mg of AAc in 1 
 61
g of pNIPAm-AAc polymer, due to the loss of oligomers, coagulum, and monomers 
during the polymerization and purification process. 
 
 
Figure 2.4 The acid-base titration curve of pNIPAm-AAc microgel dispersion (16.8 mg 
polymer powder dispersed in 10 mL deionized water) titrated by 0.0105 N NaOH 
standard solution at room temperature. Note that the pH value jumps from 8.3 to 8.9 
when the delivered volume of NaOH solution (VNaOH) is approximately 1.72 mL.  
 
2.3.4 Electrophoresis 
According to classical DLVO theory,76,77 the magnitude of the stabilizing force is 
proportional to surface charge.93 The measurement of charge properties is clearly 
important in any attempt to estimate electrostatic interactions between microgel particles. 
Phase analysis light scattering (PALS) was used to determine the ζ potential of pNIPAm-
AAc microgel dispersions at different pH values. Figure 2.5 shows the change of ζ 
potential with the increase of pH values. Because of the anionic carboxylate and sulfate 
groups on the surface of pNIPAm-AAc microgel particles, the ζ potential of particles are 
negative. With the increment of pH, the deprotonation of carboxylic acid leads to more 
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anionic carboxylate groups, thereby increasing the absolute value of ζ potential. However, 
when pH reach 5.5, the ζ potential of particles reach a plateau, probably indicating that 
the majority of carboxylic acid groups have been deprotonated at that pH. 
 
Figure 2.5 The ζ potential of pNIPAm-AAc microgel particles (0.0002 wt%) in buffers 
from pH 3.0 to 6.0 at 20 ºC. With increasing pH, the absolute value of the ζ potential 
increases due to deprotonation of AAc units on the microgels. 
 
2.3.5 The Effect of Synthesis Temperature 
To explore the effect of temperature during copolymerization on the microgel 
yield and particle size, the copolymerization of NIPAm and AAc with molar ratio of 
85:15 was conducted at temperature including 45, 50, 55, 60, 65, and 70 °C. (The 
synthesis, purification and lyophilization protocols are referred to Section 2.2.2.) Particle 
tracking are used to determine the unperturbed hydrodynamic diameter of microgel 
particles in pH 3.5 buffer. The temperature used for synthesis significantly influences the 
yield and the diameter of microgel particles. With the increase of temperature for particle 
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synthesis, pNIPAm-AAc microgel particles become smaller with higher yieldz as shown 
in Figure 2.6, which agree with other experimental results.96 
 
 
Figure 2.6 The effect of synthesis temperature on the yield and particle size of microgels. 
The left vertical axis represents the unperturbed hydrodynamic diameter (red filled square, 
■) of pNIPAm-AAc microgel particles synthesized at different temperatures, 0.01 wt% in 
pH 3.5 buffer measured by particle tracking. The right vertical axis represents the overall 
yield of pNIPAm-AAc microgel powders after lyophilization (blue filled circle, ●) for 
pNIPAm-AAc synthesis at different temperatures. 
 
2.4 Conclusions 
Copolymeric microgels composed of NIPAm and AAc was obtained via one-pot 
ammonium persulfate-initiated surfactant-free precipitation radical polymerization at 
fixed temperatures. Copolymeric pNIPAm-AAc microgel particles are both thermo-
responsive and pH-responsive. The lower critical solution temperature (LCST) of 
pNIPAm-AAc microgels is approximately 30~31 °C, lower than that of pNIPAm 
microgels (32~33 °C). It is clear that when the temperature crosses the LCST of 
pNIPAm-AAc microgels, the volume of microgel particle decrease approximately 10 
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folds. In addition to thermoresponsivity, pNIPAm-AAc microgel particles are pH-
responsive, with hydrodynamic diameters increasing with pH values, displaying a jump 
as pH crossover pKa of AAc moieties. Finally, the synthesis temperature used for 
copolymerization of NIPAm and AAc is the key factor to dictate both the yield and 
particle size of particles. Our results show that, with the increase of synthetic temperature, 
microgel yields increase whereas the size of microgels decreases. 
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TEMPERATURE-PROGRAMMED SYNTHESIS OF LARGE 
MULTI-RESPONSIVE MICROGELS 
 This chapter describes the synthesis and characterization of large multi-responsive 
pNIPAm-AAc microgel particles with hydrodynamic diameter ranging from 2.5 to 5 μm 
via temperature-ramp synthesis protocols, and the part of this chapter is excerpted from 
my paper published in Colloid and Polymer Science.1 The correlation of reaction 
temperature with hydrodynamic diameter and yield of microgel particles has been 
presented in Chapter 2. Inspired by synthesis temperature-particle size correlation, the 
temperature-programmed approach was employed for pNIPAm-AAc microgel synthesis 
to increase particle size while maintaining high yield and low polydispersities.  
3.1 Introduction 
Microgel particles, similar to their hard-sphere counterparts, can be used as a soft-
sphere model for the investigation of colloidal dispersions. Particle size control in free 
radical precipitation polymerization may be accomplished by changing a variety of 
reaction conditions, including the solvent composition,2 monomer/comonomer 
concentration,3 and degree of cross-linking.2,4-6 It has been shown that the reaction 
temperature will dictate particle size in literature. For instance, the surfactant-free 
precipitation polymerization of thermo/pH responsive poly(N-isopropylacrylamide-co-
acrylic acid) (pNIPAm-AAc) microgels at ~70 °C typically produces particles with 
diameters of 1 μm or lower.7,8 The addition of surfactant may further reduce particle size 
to the sub-100 nm range, resulting in particles often referred to as nanogels.9 Although 
250 nm to 2.5 μm particles (minigels) may be obtained via inverse emulsion 
polymerization, fairly high polydispersities often result.10-12 Alternatively, very large 
polymeric beads (5 to 100 μm) may be synthesized through suspension polymerization.13  
The direct observation of colloidal dispersions requires that the colloidal particles 
with a diameter much larger than the size of pixels. However, most microgels have a 
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diameter close or slightly larger than pixel size (< 2 μm),7,14 making the imaging of the 
dynamics of microgels quite difficult, if not impossible. On the other hand, if particle size 
is too large (> 5 μm), the sedimentation of particles due to gravitational field could 
complicate the dynamics of particles.15 Thus the synthetic protocol of microgels for 
microscopic imaging requires controlling the resultant size of the particles while 
maintaining low size polydispersities. Therefore, we need to make colloidal particles with 
a size from 2 to 5 μm, which not only fill the size gap for microgel particles, but also 
provide microgel particles with the size suitable for microscopic imaging.1 
3.2 Experimental 
3.2.1 Materials 
All reagents, materials, and water were purchased and/or prepared as previously 
described in the Chapter 2, Section 2.2.1 unless otherwise specified. 
3.2.2 Microgel Synthesis, Purification, and Lyophilization 
3.2.2.1 Temperature-Programmed Synthesis of Large pNIPAm-AAc Microgels 
Microgels composed of pNIPAm-AAc with a size from 2 to 5 µm were 
synthesized via temperature-ramp surfactant-free radical precipitation polymerization. In 
a typical synthesis, the monomers NIPAm (1.8 g) and AAc (0.2 g), and the cross-linker 
BIS (0.06 g) were dissolved in 100 mL of distilled, deionized water and filtered through 
an in-line 0.8-μm filter to remove particulate matter. Deionized water (25 mL) was used 
to transfer and wash throughout filtration. After delivering the monomer solution to a 250 
mL three-neck round-bottom flask via a 20-mL syringe through an in-line 0.8-μm filter, 
the flask was equipped with a thermometer, condenser/N2 outlet, stir bar, and a N2 inlet. 
The reaction system was purged with N2 for 1 hour while equilibrating to a temperature 
of 45 °C. The monomer solution (125-mL volume) was then maintained at 45 °C for 15 
min at a stir rate of 450 rpm. A 5 mL aliquot of a 0.078 M aqueous solution of the 
initiator APS was delivered to the monomer solution via a 5-mL syringe with an in-line 
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0.8-μm filter to initiate the polymerization. Immediately following initiation, a 
temperature ramp from 45 °C to 65 °C was applied to the solution at a ramp rate of 30 
°C/hr. Following completion of the ramp, the polymerization was allowed to proceed 
overnight at 65 °C. After polymerization, the resulting turbid reaction product was 
filtered through glass wool to remove a small amount of coagulum. 
3.2.2.2 Purification and Lyophilization of pNIPAm-AAc microgel particles 
The purification and lyophilization of large pNIPAm-AAc microgel particles are 
referred to Chapter 2, Section 2.2.2. The solid yield is approximately 72%. 
3.2.3 Preparation of Microgel Dispersions 
3.2.3.1 Preparation of Dilute Microgel Dispersions for Video Particle Tracking 
The preparation of dilute microgel dispersions for video particle tracking is 
referred to Chapter 2, Section 2.2.3. 
3.2.3.2 Preparation of Concentrated Microgel Dispersions for Video Particle Tracking 
The microgel dispersions were prepared by first dispersing pNIPAm-AAc powder 
in deionized water and shaking for one week to form ~0.1 wt% suspensions in conical 
2.5-mL centrifuge tubes (VWR). After centrifugation at a RCF of 15,422 × g for 1 hour, 
the aliquot was removed, then the designated aqueous buffer was added and the microgel 
pellets were re-dispersed in the buffer via shaking for 48 hours. After another 
centrifugation to remove buffer aliquot, the designated amount of the aqueous buffer was 
added to the pellets adjust the weight concentration of microgel dispersions, followed by 
shaking for another 48 hours. 
3.2.3.3 Preparation of Dilute Microgel Dispersions for Dynamic Light Scattering 
The buffer used for dynamic light scattering is the same as above. The microgel 
dispersions were prepared by first dispersing approximately 10 mg pNIPAm-AAc 
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powder in 10 g of distilled, de-ionized water and shaking for overnight to obtain an 0.1 
wt% dispersion. A 25 μL aliquot of the 0.1 wt% dispersion was then added into 2.47 mL 
aqueous buffer to get 0.001 wt% (10 ppm) dispersion in a 4-mL transparent polymethyl 
methacrylate cuvette for dynamic light scattering (DLS). Note that the upper limit of 
particle diameter for DLS measurement is about 2.5 µm; particles with diameter larger 
than 2.5 µm do not give an autocorrelation function that can be statistically correlated 
with the diffusion coefficient. This is largely due to the low number density of particles in 
the scattering volume, which results in a significant contribution to the scattering signal 
from number density fluctuations.16 Furthermore, the concentration of microgel particles 
is also critical. If the concentration of microgel particles is too low (~1 ppm), the 
scattered light intensity fluctuates with number density instead of the translational 
diffusion of particles. On the other hand, if the concentration of microgel particles is too 
high (> 100 ppm), multiple scattering of irradiation and hydrodynamic interaction 
between particles bias the particle size larger than the real value.16 
3.2.4 Video Particle Tracking via Optical Microscopy 
The operation of optical microscopy and algorithm for the calculation of 
unperturbed hydrodynamic diameter of pNIPAm-AAc microgel particles are referred to 
Chapter 2, Section 2.2.5.2. 
3.2.5 Dynamic Light Scattering (DLS)  
The DLS operation and calculation details are referred to Chapter 2, Section 
2.2.5.1. 
3.3 Results and Discussion 
Generally, the large microgel particles are colloidally stable in a buffer with wide 
pH range due to the electrosteric interactions between particles17 even though they are 
fairly sticky to the glass surface.18 In the particle tracking approach, digital video 
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microscopy was used to obtain a series of images with temporal and spatial information 
of microgel particles diffusing in the focus plane. To balance the irreversible attachment 
of particles on the inner wall of borosilicate rectangular capillaries with the thermal 
equilibrium of particles in the bulk dispersions, images were acquired 30 minutes after 
sample preparation. The microscopy images and trajectories of large pNIPAm-AAc 
microgel particles are shown in Figure 3.1.  
 
 
Figure 3.1 Digital microscopy images and particle trajectories for large pNIPAm-AAc 
microgel particles (0.01 wt% polymer in pH 3.5 buffer). The microscopy image and 
particle trajectories for large pNIPAm-AAc particles are displayed in left and right side 
of the panels, respectively. The particles on the focus plane of microscope are circled by 
dashed lines. Note that particles moving out of the focal plane are excluded from analysis 
with IDL routines by setting the brightness threshold. The sizes of large pNIPAm-AAc 
particles are approximately 3.0 ± 0.2 μm, based upon particle tracking and the Stokes-
Einstein equation. Scale bar = 10 μm. 
 
The dark spots with bright corona on the microscopy images are corresponding to 
microgel particles above the focus plane, whereas the pale bright spots with gray corona 
represent particles below the focus plane. The brightest spots (circled by dashed lines) 
represent microgel particles in the focus plane. The mismatch between particle 
trajectories and the microscope images is attributed to the motion of some particles in and 
out of the focal plane over the course of the particle tracking. The trajectories of these 
particles are purely diffusive and no interaction between particles is observed in these 
dilute microgel dispersions. The particle sizes can be extracted by the particle tracking 
algorithm combined with Stokes-Einstein equation shown in Chapter 2, which gives a 
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hydrodynamic diameter of approximately 3.0 ± 0.2 µm for large pNIPAm-AAc microgels 
(in pH 3.5 buffer at 20.0 °C) whereas dynamic light scattering does not give a reasonable 
measurement of particle size for such large microgel particles.  
Figure 3.2 shows the change of average particle size versus pH. Our 
characterization utilized particle tracking routines for in situ determination of the 
hydrodynamic diameters of larger microgel particles in aqueous buffers. It was not 
possible to determine pH responsivity by PCS since particle number densities within the 
scattering volume change drastically for such large sizes at 20 °C. As a result, the 
scattering intensities by PCS do not statistically correlate with the diffusion coefficients 
and hydrodynamic diameters of particles could not be determined. 
 
 
Figure 3.2 The hydrodynamic diameter (σ) versus pH for large pNIPAm-AAc microgels 
with 0.01 wt% in aqueous buffer at 20 ºC. The polydispersities of measured 
hydrodynamic diameters are shown as error bars, and size polydispersities are 
approximately 10%. Note that the average particle size increases drastically at a pH close 
to the pKa value of the AAc monomer (pKa = 4.25). 
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A notable exception was for measurements made at pH 3.0. In pH 3.0 buffer at 20 
°C, tracking algorithms resulted in a calculated hydrodynamic diameter of approximately 
2.7 ± 0.2 µm, slightly larger than particle size measured by PCS, 2.5 ± 0.2 µm. The error 
bars in Figure 2 represent the measured polydispersity, which is below 10%. Furthermore, 
particle diameters increase from 2.7 µm at pH 3.0 to 4.4 µm at pH 6.0, representing a 
volume increase of > four fold throughout the pH ramp. The pH-responsive swelling 
behavior is due to the deprotonation of AAc segments at higher pH values, which leads to 
the increase of electrostatic repulsion between carboxylate anions and the increase of 
osmotic pressure inside microgel particles, thereby swelling the polymeric networks.19,20 
It is known that small pNIPAm-AAc microgel particles with diameters below 1 µm 
display a similar pH responsivity to those observed here.8,21 
Figure 3.3 shows the temperature-responsivity of large pNIPAm-AAc microgel 
particles in pH 3.0 buffer.7,22 Because the particle size in this case is slightly below 2.5 
µm, we found that PCS could reliably be used to determine the in situ size of microgel 
particles from 20 to 40 °C.18  
 
 
Figure 3.3 The temperature-dependent hydrodynamic diameter of large pNIPAm-AAc 
microgels with 0.001 wt% in pH 3.0 buffer. The hydrodynamic diameter was measured 
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by photon correlation spectroscopy with a programmed temperature ramp from 20 to 40 
°C. The error bars represent the size polydispersities, which are below 10%. Note that the 
VPTT of microgel particles is approximately 30 °C, as described in the literature for 
similar polymer compositions.8 
 
The error bars represent the polydispersities, which again are below 10%. The 
volume phase transition temperature (VPTT) of pNIPAm-AAc microgels is 
approximately 30 °C, at which the size of particles decreased from 2.2 µm down to 
approximately 1.2 µm, corresponding to the well known volume phase transition of 
pNIPAm.10 The VPTT of these large pNIPAm-AAc microgel particles is slightly lower 
than that of smaller pNIPAm-AAc microgels (31 °C) synthesized previously in our 
group.7,18,23 This is likely due to the fact that the particles described here are ~15 mol% 
AAc as opposed to the 10 mol% particles synthesized previously; it is known that with 
increasing AAc content in copolymer, the VPTT of pNIPAm-AAc microgels decreases.21 
It should be noted, however, that AAc incorporation is not required to obtain these 
particle sizes.  
Owing to their excellent monodispersity, these particles can also self-assemble 
into colloidal crystals. The transmission-mode microscopy image and trajectories of 
colloidal crystals assembled from a 2.0 wt% dispersion of large pNIPAm-AAc microgels 
in pH 3.5 buffer are shown in Figure 3.4.  
 
 
Figure 3.4 Digital microscopy image and particle trajectories for large pNIPAm-AAc 
microgels assembled into colloidal crystals at 20 ºC (2.0 wt% in pH 3.5 buffer). Note that 
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the size of the particles as determined from radial distribution analyses is smaller than 3.0 
μm, probably due to an osmotic deswelling effect observed previously.24 Scale bar = 10 
μm. 
 
The left panel is the microscopy image of the middle layer of colloidal crystals of 
microgel particles. The right panel represents the trajectories of microgel particles in the 
focus plane. Based upon the particle positions in microscopy image series, the radial 
distribution function g(r) could be obtained. (IDL routines are referred to Appendix A) 
The first peak of radial distribution function, i.e. center-to-center distance between closest 
neighbor particles, corresponds to the in situ average hydrodynamic diameter of particles 
in colloidal crystals.25 The particle size calculated from Figure 3.4, 2.8 ± 0.1 µm, is 
smaller than that calculated from the data in Figure 3.2, 3.0 ± 0.2 µm, probably due to an 
osmotic deswelling effect observed previously in such colloidal assemblies.24,26 The 
above results suggest that the larger pNIPAm-AAc microgel particles show similar 
crystallization behavior to their smaller counterparts, which have reported 
previously.1,18,27-34 The aging and phase behavior of pNIPAm-AAc microgel dispersions 
will be extensively tackled in Chapters 4 and 5. 
3.4 Hypothesis of Large Particle Formation 
Whereas we have not to this point undertaken a detailed mechanistic study of this 
synthetic approach, there are a number of conclusions that can be drawn from these data 
and from previous polymerization studies. Generally, the temperature used for pNIPAm-
based microgel particle synthesis is ~70 °C, where resulting particle size 
characterizations reveal hydrodynamic diameters of 800 nm or smaller in pH 3.0 
buffer.2,7,8,22,35 The size of microgel particles obtained by this scheme may be further 
influenced by changing a variety of reaction conditions, including the solvent 
composition,2 monomer/comonomer concentration,3 and degree of cross-linking.2,4,5 We 
have shown that precipitation polymerization reactions at lower temperatures (such as 60 
°C) results in an increase in particle size up to 1.5 µm in pH 3.0 buffer.18 However, when 
 84
we decreased the reaction temperature further (e.g. to 50 °C), an excessive amount of 
coagulum formed instead of a monodisperse colloid.36 Given the phase separating nature 
of the reaction, it was clear that temperature plays a critical role in the control of particle 
size if other parameters of polymerization, such as total monomer concentration, 
comonomer/monomer/cross-linker/initiator/ ratio, stirring speed, degas time, and flow 
rate of N2, are fixed. To obtain monodisperse microgel particles with diameters larger 
than 2.5 µm with relatively high yield, we developed a new strategy for the precipitation 
polymerization.  
When reaction temperature reaches 45 °C, persulfate anions decompose to form 
primary radicals,37 which subsequently attack monomers to form oligomeric radical 
chains (< 3 monomer units). When the oligomeric radical chains reach a critical length (> 
5 monomer units) at a temperature higher than the LCST of pNIPAm-AAc segments (30 
°C in this study), they collapse to form thermodynamically unstable nuclei with a radical 
trapped in or on their surface for further reaction.38 This stage is known as nucleation, 
forming a population of collapsed precursor particles. Because the decomposition rate of 
initiator is decreased at lower temperatures,37 reaction temperatures below conventional 
initiation temperatures (< 60-70 °C) may reduce the oligomeric radical concentration, 
thereby lowering the abundance of collapsed nuclei. This lower nuclei concentration 
likely favors particle growth mechanisms that do not involve appreciable nuclei 
aggregation, due to the relatively low possibility for bimolecular termination of two 
radicals on different nuclei. Furthermore, immediately after initiation the monomer 
concentration in the reaction mixture is higher than later stages. The lower nuclei 
concentration combined with higher monomer concentration at initial reaction times 
ensures a higher propagation rate than initiation rate, which favors the growth of nuclei 
with similar speed in early polymerization stages to achieve low polydispersities.38 As the 
reaction proceeds and monomer is consumed, the monomer concentration decreases, 
thereby decreasing the propagation rate. To compensate for this decrease in propagation 
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rate (due to monomer consumption), the reaction temperature is ramped up from 45 to 65 
°C. This ramp increases the propagation rate constant and also results in the increased 
decomposition of persulfate, thereby generating more radicals.  
After approximately 40 minutes of polymerization, the temperature ramp is 
completed at 65 °C and the majority of monomers were likely converted to oligomeric 
radicals, nuclei, and precursor particles.22 Therefore, the nucleation stage is replaced by 
the growth of the nuclei/particles via monomer addition, nuclei absorption, and nuclei 
aggregation.3,22 At this elevated temperature (65 °C), growth on the nuclei/precursor 
particles becomes more favorable than nucleation due to much lower monomer 
concentration and stronger van der Waals attraction between nuclei and/or precursor 
radicals than nucleation stage. Because of the electrostatic repulsive interactions arising 
from the sulfate end groups, microgel particles are stabilized from coagulation while still 
capturing oligomeric radicals and unstable nuclei, thereby precluding any secondary 
nucleation from unstable nuclei.39 
3.5 Conclusions 
By introducing a temperature ramp in the early stage of the surfactant-free radical 
precipitation copolymerization, the mean size of the resultant multi-responsive microgel 
particles has been increased significantly while maintaining a low polydispersity (≤ 10%) 
and high yield (> 70%). The larger microgel particles demonstrate similar thermal and pH 
responsivity to their smaller counterparts of similar composition in Chapter 2. We have 
demonstrated that the mean diameter of pNIPAm-AAc microgel particles can swell from 
2.5 to 4.5 µm by increasing the pH. Furthermore, these larger particles can self-assemble 
to colloidal crystals as their smaller counterparts as well. This synthetic scheme may be 
promising for producing other monodisperse, thermoresponsive microgel particles for 
applications as microlenses, imaging, and drug delivery vehicles. 
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AGING OF MICROGEL DISPERSIONS 
This chapter describes the physical aging of concentrated dispersions containing 
pNIPAm-AAc microgels in aqueous buffer, and part of this chapter is excerpted from my 
paper published in Journal of Physical Chemistry B.1 The aging of microgel dispersions 
is characterized by the video optical microscopy, in which the time series of images are 
analyzed by particle tracking routines in IDL programming environment. Our results 
confirm that pNIPAm-AAc microgel dispersion age over time by showing that the slow-
down of particle dynamics and increase of particle size after evolution. The slow-down of 
dynamics is the universal feature of aging system,2-4 whereas the swelling of particles is 
unique to microgel dispersions.1,5 In addition, crystallization and glass transition are 
convoluted with aging process, which will be discussed in next chapter.  
4.1 Introduction 
Physical aging is typically associated with the non-thermodynamic state of 
amorphous solids, especially polymeric glassy materials below the glass transition 
temperature.6 Since the last decade, the aging of disordered metastable systems3,4 and 
ordered crystalline systems7,8 has stimulated in a series of investigations on the 
fundamental principles of physical aging.9 Common approaches to probe the physical 
aging of colloids are light scattering3,8 and rheology,4,10 wherein the structure, dynamics 
and response functions of the system are monitored over time. Optical microscopy11,12 
with dynamic particle tracking routines was also recently employed to probe aging of 
colloidal systems.  
We have noticed that the phase behavior of microgel dispersions immediately 
after sample preparation is completely different from that of microgel assemblies long 
after preparation, which we believe is the evidence of aging in microgel dispersions. In 
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this chapter, we employ video optical microscopy13 with particle tracking algorithms14 to 
better understand the complex evolution of structure and dynamics in microgel 
dispersions. In particular, we have monitored the evolution of mean square displacement 
(MSD) and radial distribution function (g(r)) of pNIPAm-AAc microgel particles in 
aqueous dispersions as a function of age of these dispersions under quiescent conditions 
in a closed system. To illustrate the evolution of attractive interparticle interactions 
between pNIPAm-AAc microgels, we further measured the influence of aging on the 
thermostability of microgel assemblies. By investigating the dynamics, structure, and 
thermal stability of these dispersions, and the time evolution of these behaviors, the 
fundamental details of the aging process and the inter-particle potentials responsible for 
aging is being elucidated. 
4.2 Experimental 
4.2.1 Materials 
All reagents, materials, and water were purchased and/or prepared as previously 
described in the Chapter 2, Section 2.2.1, unless otherwise specified. 
4.2.2 Microgel Synthesis, Purification and Lyophilization 
The synthesis, purification, and lyophilization of microgel particles used in this 
chapter are referred to Chapter 2, Section 2.2.2. 
4.2.3 Microgel Dispersion Preparation 
The preparation of microgel dispersions for particle tracking is referred to Chapter 
2, Section 2.2.3 and 2.2.4. 
4.2.4 Microgel Aging Sample Preparation 
The dispersions were introduced into 5.0 × 2.0 × 0.1 mm VITROTUBE™ 
rectangular capillaries (Fiber Optic Center, Inc.) by capillary force at room temperature, 
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and then sealed with Epoxy Putty™ (ITW Devcon®) resin. The dispersions were then 
allowed to age at room temperature for set periods of time prior to measurements being 
performed. Note that if the weight concentration is too high to flow easily at room 
temperature, slight heat was employed to fluidize the microgel dispersions for their 
introduction to the capillaries. It’s suggested that the sample should be used for particle 
tracking measurements no later than three months after preparation due to inevitable 
solvent evaporation through the resin, which increases the volume fraction and 
dehydrates aged sample finally. 
4.2.5 Tracking Microgel Particles by Video Optical Microscopy 
Particle tracking by video microscopy and data analysis algorithms via IDL 
routines are referred to Chapter 2, Section 2.2.5.2. 
4.3 Results and Discussion 
4.3.1 Microscopic Dynamics during Aging 
It is quite surprising to notice that pNIPAm-AAc microgel dispersions, almost 
diffusive immediate after preparation, eventually form a crystalline or glassy phase after 
evolving for a period of time. Due to the obvious optical difference between the fresh 
sample and aged sample, we start to track the evolution of macroscopic appearance and 
microscopic dynamics of microgel particles in the closed system. We used photography 
and video microscopy to describe the time-dependent phase behavior of pNIPAm-AAc 
microgel dispersions. Perhaps the observation via naked eye gives the first impression of 
aging behavior of microgel dispersions. Figure 4.1 shows a photograph comparing the 
appearance of new and aged samples; the left capillary holds a 1-day-old pNIPAm-AAc 
microgel dispersion (2.0 wt% polymer in pH 3.5 buffer), whereas the right capillary holds 
an aged (27 days old) dispersion (2.0 wt% polymer in pH 3.5 buffer). The aged sample 
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clearly shows iridescence under white light illumination due to Bragg diffraction from the 
colloidal crystalline lattice.  
 
 
Figure 4.1. The aging of pNIPAm-AAc microgel samples at 20.0 °C as visualized on the 
macroscopic scale. Both microgel samples contain 2.0 wt% polymer in a pH 3.5 buffer 
after aging for different periods [left: 1 day (fluid), right: 27 days (crystal)]. The samples 
were photographed against a white grid to aid in photographic focusing. 
 
Whereas the slow assembly of colloids is not in and of itself surprising, the 
detailed dynamics and pathway of the assembly are suggestive of an extremely complex 
colloidal system. Indeed, very surprising results obtained from this system illustrate just 
how different the physics are from those of repulsive hard sphere particles. The 
complexity of the system can be understood phenomenologically by considering the 
additional energetic terms that must be considered in microgel dispersions as compared 
with traditional hard spheres. Whereas hard spheres possess a fixed volume, which 
dictates the length scales over which they interact, microgels can swell and collapse to 
minimize the free energy of the assembly. For example, we and others have shown in the 
case of purely repulsive microgels that when the number density of microgels is 
increased, the microgels condense to occupy a smaller volume in order to accommodate 
the additional particles.15-17 This phenomenon is physically similar to the osmotic 
deswelling of gels in the presence of linear polymer,18 and to the conformational changes 
observed for linear polymers as the concentration of polymer is increased (e.g. moving 
from the dilute to the semi-dilute regime).19 From these examples, it is clear that the 
behavior of microgel dispersions must be interpreted both in terms of their colloidal and 
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polymer solution properties. The solvation, conformation, elasticity, and topology of the 
polymer chains will contribute to the observed colloidal behavior, as all of these factors 
will dictate how the microgel volume and particle-particle interactions change as a 
function of microgel concentration, solution conditions, and external stimuli (e.g. 
temperature). The picture becomes even more complex when weakly attractive 
interactions are introduced. Now as the particle concentration (volume fraction) is 
increased, those interactions must influence not only how the microgels assemble with 
each other, but also how the microgels swell or collapse in order to minimize the free 
energy of the system. For example, one could imagine conditions under which the 
entropic cost associated with swelling the microgels could be compensated for by 
enthalpic gain from attractive polymer-polymer interactions. Under conditions where the 
pairwise interactions are weak relative to the thermal energy (kBT), such microgel 
swelling would be particularly important in the stabilization of an assembly, since 
multibody interactions would be required to overcome Brownian forces. In the results 
below, we illustrate a wide range of behaviors wherein the delicate interplay between the 
colloidal and polymer energy scales produce complexity that is not observable in the hard 
sphere domain.  
Examples of the complexity in the system are evident in the optical microscopy 
images and the particle trajectories shown in Figure 4.2. A microgel sample buffered at 
pH 3.0 with an effective volume fraction of 40% is a fluid immediately after preparation. 
(All calculations of effective volume fractions hereinafter are shown in Appendix of this 
chapter.) This is expected, as the sample lies below the canonical freezing point for hard-
sphere colloids (~0.494). However, after 53 days the sample has evolved to form a highly 
ordered crystalline phase wherein the particles appear to be in contact with one another, 
which should not be possible for a simple repulsive dispersion. This result is an apparent 
example of the case discussed above, where the ability of the microgels to swell permits 
the evolution of a close-packed phase from a non-close-packed one. On the other hand, if 
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the effective volume fraction of a sample at the same pH is 74% (the packing limit for 
hard spheres), the sample again is a fluid immediately after preparation. This result is 
extremely surprising, given the fact that the diffusion of hard spheres is so frustrated at 
this packing fraction that such concentrations are typically not possible in dispersions due 
to particle jamming; close packed hard sphere assemblies are typically formed by more 
specialized approaches such as slow solvent evaporation.20 After 53 days, this sample has 
completely crystallized to form a close packed structure, thereby aligning with our 
preconceived notions of the colloidal phase behavior. In this case, the initial state is 
illustrative of the previously described osmotic deswelling effect,16,21 wherein the 
microgels deswell in order to accommodate their neighbors. Despite these 
phenomenological descriptions, these data illustrate some key questions that need to be 
addressed experimentally: (1) How can “packed” samples behave as fluids when first 
prepared, and how can more dilute samples form crystals? (2) What is the pathway by 
which microgel dispersions age and what can the pathway tell us about the evolution of 
the interparticle forces? (3) How do temperature, volume fraction, and pH influence 




Figure 4.2 Microscopic phase behavior of pNIPAm-AAc microgel dispersions at pH 3.0 
and 20 °C. The effective volume fractions of the pNIPAm-AAc microgels are displayed 
on the top-left of each image. The top-right inset in each image shows the particle 
trajectories over ~10 s of observation. Trajectories are magnified 4× relative to the 
images for ease of trajectory visualization. All scale bars represent 10 μm.  
 
The data presented in Figure 4.2, are representative of all samples observed 
between pH 3 and 4.5 with effective volume fractions between ~0.35 and 0.74. These 
samples begin as diffusive fluids immediately after preparation, and equilibrate to 
colloidal crystals or crystal/glass mixed phases after aging at room temperature for ~1 
month.22 At pH 3.5, the aging process is quite slow and crystallization is favored over a 
broad range of volume fractions (vide infra), thereby making this a suitable experimental 
condition for detailed investigations of the aging-convoluted crystallization dynamics; we 
will therefore focus on experiments at pH 3.5 for the detailed aging studies shown here. 
Note, however, that qualitatively similar behavior is observed for all microgel samples 
that we have observed to undergo aging from fluids to glasses or crystals. 
More detailed observation of these samples via bright-field video optical 
microscopy permits direct determination of the dispersions’ structures and the particle 
dynamics. The brightfield micrographs and trajectories (inset) for a 2.0 wt% polymer in 
pH 3.5 buffer at different timepoints are displayed in Figure 4.3. Note that the inset 
trajectory maps are magnified 4 × relative to the brightfield images for easier 
visualization of the trajectories. The microgel dispersions are fluid-like immediately after 
sample preparation (1-day and 5-day data), with diffuse trajectories and no evidence of 
spatial order. Eventually the samples display crystalline order and caged trajectories, 
which are illustrated here by the 11 day and 27 day data. Note that even after formation 
of the ordered phase, the particle dynamics continue to evolve, with the particle 




Figure 4.3 Microscopic images and trajectories (inset, ~10 s of observation) of pNIPAm-
AAc microgel samples (2.0 wt% polymer in pH 3.5 buffer) at different ages (not in the 
same spot) and 20.0 °C, the aging times are indicated on all microscopic images. 
Trajectories are magnified 4 × relative to the images for ease of trajectory visualization. 
Scale bar = 10 μm. 
 
In addition to the direct visualization of particle dynamics and spatial organization, 
the microscopy data can offer a quantitative assessment of the particle diffusion. To 
illustrate this, a double logarithm plot of the particles’ mean square displacement (MSD) 
versus lag time (τ) as a function of the number of days after preparation is shown in 
Figure 4.4a (2.0 wt%, pH 3.5). The MSD of microgel particles in an ensemble is given as 
follows: 






−+= ττ                                                                                       (4-1) 
where r
r
i(t) is the position vector of the ith particle at time t, τ is the lag time, and 〈〉i,t 
indicates the spatial average over the ensemble of particles as well as all starting times t.  
In the colloidal gas regime, where particle motion is purely diffusive and interactions 
between particles are negligible, the MSD should be proportional to lag time,  
MSD τ( )= 2dDτ                                                                                                      (4-2) 
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where d is the dimensionality of the displacement vectors and D is the translational self-
diffusion coefficient of microgel particles. In general, the MSD of colloidal particles 
scales with lag time, 
MSD τ( )∝τ β                                                                                                                   (4-3) 
where the scaling parameter β is the slope in a double logarithmic plot of MSD(τ) versus τ. 
Generally, β = 1 for Brownian diffusive motion, whereas β values between 0 and 1 
denote sub-diffusive behavior. In these studies, β was obtained by regression analysis of 




Figure 4.4 (a) Mean square displacement (MSD) versus lag time (τ) of pNIPAm-AAc 
microgel particles (2.0 wt% polymer in pH 3.5 buffer) at different ages and 20.0 °C. (b) 
The power of the lag time versus the age of pNIPAm-AAc the microgel dispersion. 
MSD∝τ β , where β is the power of lag time. 
 
The MSD plots in Figure 4a and the β values in Figure 4.4b illustrate a marked 
slowing of particle motion with sample aging; one day after sample preparation, the 
colloidal dispersion shows nearly diffusive fluid behavior with β = 0.76. As the sample 
ages, the maximum MSD of the samples at long lag time decreases along with a decrease 
in the magnitude of β. These data also illustrate that the initial aging is fairly rapid, with 
the 1-day old sample showing a MSD of > 1 μm2 at a lag time of 10 s (determined via 
extrapolation), whereas the 5-day old sample shows a MSD of ~0.14 μm2 at 10 s. Thus, 
during the first 5 days of aging, the maximum particle displacement decreases by about 
90%, with the sample progressing from a fast, diffusive fluid to a slow, sub-diffusive 
fluid. When these microgel dispersions were aged for over 7 days, crystallization 
occurred, with the crystallites initially coexisting with a fluid phase (data not shown). 
After aging for 11 days, a macroscopic crystalline phase had fully formed, which was 
observed through the appearance of sample iridescence, as shown in Figure 4.1. At this 
point, MSD analysis shows the appearance of a plateau, indicating the formation of 
permanent cage around the particles, as opposed to the transient cages observed in the 
fluid phase. However, even in the crystalline phase, the microgel assemblies still age with 
time, which is manifest by the continual slowing of the dynamics with sample aging. The 
plot of β versus aging time t (Figure 4.4b) provides semi-quantitative representation for 
the aging of these dispersions.11 As illustrated by the images shown in Figures 4.2 and 4.3 
and microscopic dynamics shown in Figure 4.4, the structure of microgel assemblies 
evolves as the dynamics of the particles slow down. In addition to the slow down of 
dynamics during the aging process, microgel particles swell as the result of aging. 
4.3.2 Microscopic Structure during Aging 
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Figure 4.5 The radial distribution function, g(r), for 2.0 wt% pNIPAm-AAc microgel 
dispersions at pH 3.5 as a function of aging time. Note that the first g(r) peak for the fluid 
phases (1 day and 5 days after preparation) corresponds to the hydrodynamic diameter of 
microgel particles, whereas the first peak for crystalline phase (11 days and 27 days after 
preparation) corresponds to the lattice constant of colloidal crystals. The black vertical 
dashed line corresponds to the unperturbed hydrodynamic diameter of the microgels 
determined in the dilute limit. 
 
Figure 4.5 illustrates this in terms of the radial distribution function (g(r)) for 
pNIPAm-AAc microgel assemblies (2.0 wt% polymer in pH 3.5 buffer) as a function of 
the number of days after sample preparation. In general, the first peak in the g(r) plot for 
an attractive fluid phase is equal to the diameter of particles,23,24 whereas for a crystalline 
phase the first peak represents the mean particle center-to-center distance.25 One day after 
sample preparation, the g(r) plot has relatively weak structure, with only the first two 
peaks being easily identified. In very dilute (0.01 vol%) dispersions at pH 3.5, the 
pNIPAm-AAc microgel particles have an unperturbed hydrodynamic diameter of 2.1 μm 
(from particle tracking microrheology). However, in the freshly prepared 2.0 wt% 
microgel sample, the inter-particle distance is only about 1.9 μm, as determined from the 
first peak in the g(r) plot. The particle size in the dispersion is presumably smaller than 
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the unperturbed hydrodynamic diameter measured in highly dilute conditions (2.1 μm) 
because of the previously observed osmotic deswelling of the microgels,15,16 which 
occurs when the polymer concentration is increased beyond the dilute regime.26 In this 
case, osmotic deswelling significantly decreases the actual volume fraction of the 
microgels from 56% to 41% (All calculations of actual volume fractions hereinafter are 
shown in Appendix of this chapter.), which is too dilute to produce long-range crystalline 
order for inter-particle interactions that are dominated by mutual volume exclusion only.  
These data also suggest that the particle size increases with aging even in the fluid 
phase, which is evident from the fact that the apparent particle size after 5-days of aging 
is slightly larger than that observed after 1 day. After 10 days, the microgel particles self-
assembled into colloidal crystals, which are clearly observed in the g(r) plots by a 
dramatic increase in structure at larger values of r. After aging for 27 days, the inter-
particle distance has increased to 2.3 μm, which is slightly greater than the hydrodynamic 
diameter determined under dilute conditions (2.1 μm) probably due to the evolution of a 
net attractive interaction between particles during aging. Whereas the changes occurring 
at the molecular scale that result in the observed aging of our assemblies is still not clear, 
it seems likely that the decrease in particle dynamics over such long times is the result of 
a slow progression to a system with strongly attractive inter-particle interactions. As we 
have suggested before,17,22 it may be the case that the microgel particles swell due to the 
formation of multiple inter-particle hydrogen bonds between the protonated carboxylic 
acid groups and/or amide groups, which decreases configurational entropy of polymeric 
chains while increasing the enthalpic contribution to particle assembly.1,17,22 With the 
pairwise interactions between the particles being apparently very weak, as evidenced by 
the lack of aggregation in the dispersions, it is likely that multi-body interactions are 
required to form the crystalline assembly.27 The rearrangement of polymeric segments on 
multiple neighboring particles (particle swelling and interdigitation) to optimize both the 
number and orientation of the hydrogen bonds, and concomitant multi-body interactions 
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between particles may favor particle swelling in order to minimize the local free Gibbs 
energy.1,22 
4.3.3 Age-dependent Thermostability  
Our speculation that attractive inter-particle interaction potentials might drive the 
phase transition with aging can conceivably be probed in a more direct manner. For 
example, colloidal interaction potentials have been measured directly via optical 
tweezers,28 total internal reflection microscopy,29,30 and atomic force microscopy31 
techniques. Herein we use the thermostability of the colloidal assemblies as an indirect in 
situ indicator of inter-particle interaction between pNIPAm-AAc microgel particles in the 
context of their instantaneous phase behavior and their aging history. Reports by 
Richtering,32 Hu,33,34 and Lyon15 have illustrated that for purely repulsive microgel 
crystals, melting will occur at temperature slightly below the intrinsic LCST of 
homopolymeric pNIPAm microgel particles comprising the assembly. As the temperature 
is raised, the microgels deswell enough to drive the volume fraction of the assembly from 
the crystalline region of the phase diagram to the fluid region. Therefore, the thermal 
stability of a microgel dispersion should report on the inter-particle interactions, with the 
assembly becoming more thermally stable if multi-body inter-particle attractive 
interactions are present; the additional enthalpic contribution to the assembly will 
represent an additional energetic barrier that must be overcome to drive assembly melting.  
 
 
Figure 4.6 Age-dependent thermostability of 2.0 wt% pNIPAm-AAc microgel 
dispersions in pH 3.5 buffer. Red symbols indicate fluid microgel dispersions, whereas 
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blue symbols represent crystalline behavior. The age of each sample is indicated on each 
Lindemann parameter (γL(τ)) versus lag time (τ) plot. The horizontal red line in each 
frame is the critical Lindemann parameter for crystal melting (γLmax = 0.16). 
 
Figure 4.6 presents the thermal melting behavior of 2.0 wt% pNIPAm-AAc 
microgel dispersions in pH 3.5 buffer as a function of sample age. We quantitatively 
assess crystal melting using the phenomenological Lindemann criterion. The quasi-2D 
time-dependent Lindemann parameter is defined as 





τγ =                                                                        (4-4) 
where r is the ensemble-averaged center-to-center distance between particles.1,22,35,36 The 
quasi-2D Lindemann parameter is a measurement of time-dependent positional 
fluctuations of microgel particles relative to the crystal lattice spacing. From the data 
presented in Figure 4.6, the thermal stability of microgel dispersions clearly increases 
with the age. For all aged samples, the temperature increase leads to the accelerated 
dynamics of microgel particles. However, microgel particles’ dynamics are dissimilar in 
different ages if we compared the maximum Lindemann parameters with the critical 
melting Lindemann parameters. After 1 day of sample aging, the time-dependent 
Lindemann parameter γL(τ) is roughly linear with lag time, and at all temperatures from 
20 °C up to 39.9 °C, the maximum Lindemann parameters are greater than critical 
melting Lindemann parameter (0.16 for an FCC lattice). For the 1-day old sample, it is 
interesting to notice that there is a marked decrease in the particle dynamics when 
temperature is raised to 30 °C. This arises from weak, transient particle aggregation, 
where the hydrophobic interaction between the deswollen microgels begins to dominate 
over electrosteric repulsion.  However, when temperature continues to increase up to 36 
°C, the thermal energy of particles dominates over inter-particle attractions, thereby 
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resulting in a recovery of diffusive behavior. After 20 days of aging, the microgel 
dispersion is largely crystalline with some regions of fluid coexistence. At this point the 
crystalline phase displays melting at approximately 40 °C as shown in Figure 4.6. Note 
that this temperature is far above the LCST of pNIPAm-AAc microgels at this pH (~31 
°C), reflecting the onset of attractive inter-particle interactions. The 47-day aged sample, 
which is completely crystallized, is not observed to melt even when the temperature is 
raised to 42 °C, which is the highest temperature our instrument allows. Indeed, the 
particles are still strongly caged and appear to be in close contact with one another, with 
the maximum Lindemann parameter being nearly 10-fold lower than the melting value, 
reflecting an extremely stable assembly. These data clearly indicate that the aging process 
is associated with the evolution of attractive interactions between neighboring microgel 
particles. 
4.4 Conclusions 
In this chapter, we have directly observed aging during the self-assembly of 
pNIPAm-AAc microgel particles in a closed system. During this aging process, the 
microgel dynamics slow down, the microgel diameters increase, and the mean interaction 
potential between particles become more attractive, which stabilize the thus-formed 
colloidal crystals against thermal melting. Our results also suggest that the crystallization 
process is convolved with aging, where the slowing dynamics of the dispersion is 
synergistic with crystallization due to an increase in particle volume fraction with time. 
Even after crystallization of microgel particles, the slower of particle dynamics indicates 
that the aging is still going on.  Additionally, although the molecular origins of aging are 
not yet clear, our data suggest that microgel dispersions evolve due to a slow 
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reconfiguration of the system from one that is dominated by intra-particle (polymer-
polymer) interactions to multi-body inter-particle interactions. 
Appendix: Calculation of Effective and Actual Volume Fractions 
Due to the swellability of microgel particles, the estimation of volume fraction of 
soft microgels is not as straightforward as their hard sphere counterparts. Only cryo-
electron microscopy37 can be used to precisely determine the in situ size of microgels.  
Due to the limited availability and cost of cryo-electron microscopy, our group used 
dynamic light scattering combined with particle tracking to determine microgel particle 
size in dilute, semi-dilute dispersions and colloidal crystals as well. The following 
calculation algorithms are therefore used for the estimation of volume fractions of 
microgel dispersions. 






=Φ            (4A-1) 
where Φeff is effective volume fraction, r average center-to-center distance between 
closest neighboring particles (from the first peak of g(r) versus r plot),24 and σ average 
unperturbed hydrodynamic diameter of particles, used to calculate all volume fractions 
spam from liquid phase to crystalline phase. The above scheme will be used for the 
volume fraction calculation in Chapter 5. 
However, we have already noticed that the actual volume fraction for the same 
sample changes over aging in this Chapter. Therefore, we have to derive the actual 
volume fraction of liquid state and crystalline state for the same sample which can age 
over time. Thus we use the following scheme to calculate actual volume fractions for the 
same sample in different phases, 
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=Φ    (4A-2) 
where r is center-to-center distance between closest neighboring particles, σC the 
hydrodynamic diameter of particles in crystalline phase obtained from 
maxMSDrC −=σ if we assume particles in this case are hard-sphere like, here MSDmax 
is the maximum mean square displacement of particles in crystalline cage. 





=Φ         (4A-3) 
where r is center-to-center distance between closest neighboring particles, σG the 
hydrodynamic diameter of particles in glassy phase obtained from maxMSDrG −=σ  if 
we assume particles in this case are hard-sphere like, here MSDmax is the maximum mean 
square displacement of particles in cages in glassy phase. 
Herein we only consider the case in which the fluid phase finally aged to 
crystalline phase. Due to the constant number density for the same sample, we could use 





=Φ            (4A-4) 
where ΦC is shown above, and σL is hydrodynamic diameter of particles in concentrated 
dispersions obtained from the first peak of g(r)-r plot. Note for aging cases in which 
particles are swollen, the effective volume fraction lies in between the actual fluid-phase 
volume fraction and actual crystalline-phase volume fraction of the same sample, 
. Whereas particles are compressed in aging process, the effective 
volume fraction is larger than both crystalline-phase volume fraction and liquid-phase 
volume fraction, 
CeffL Φ<Φ<Φ
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PHASE DIAGRAM OF MICROGEL DISPERSIONS 
 
This chapter describes the pH-tunable phase behavior of pNIPAm-AAc microgel 
dispersions, and part of this chapter is excerpted from my papers published in Journal of 
Physical Chemistry B.1,2 The synthesis and purification of pNIPAm-AAc microgel 
particles has been presented in Chapter 2. As well as the preparation protocol of microgel 
dispersions in designated buffers, the video microscopy and the particle tracking routines 
will be described for the dynamics, trajectories, and structure of microgel dispersions. 
From the data obtained from video microscopy, we can infer the phase diagram of 
pNIPAm-AAc microgel dispersions at different pH values. Combined with aging 
phenomena discussed in Chapter 4, the results presented in this chapter could shed light 
on the correlation between interparticle interactions and phase behavior of microgel 
dispersions. 
5.1 Introduction 
 Colloidal particles can be thought of as “big atoms”3 in a continuous medium that 
mimic the interactions, thermodynamics, and dynamics of atoms or molecules in gas, 
liquid, and solid phases.4-6 Theoretical methodologies to estimate the pair interactions of 
charge stabilized colloidal particles were originally developed by Derjaguin, Landau,7 
Verwey and Overbeek8 (DLVO theory). Furthermore, Kirkwood9 and McMillan10 
developed a coarse-graining framework in which the correlation of equilibrium properties 
of colloidal dispersions with effective pair potentials is used to calculate the phase 
behavior and structure of colloidal assemblies. In these theoretical treatments, colloidal 
particles are categorized by the shape of their interparticle pair potential curve, wherein 
the interactions can be classified as hard spheres,11,12 sticky hard spheres,13 and soft 
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spheres.14 In general, as the volume fraction of colloidal particles is increased, their 
Brownian dynamics slow from being diffusive to sub-diffusive due to the formation of 
transient ‘cages’, which eventually become permanent cages as the particle density 
increases.15 When the volume fraction of monodispersed hard-sphere particles, such as 
sterically stabilized poly(methyl methacrylate) (pMMA),12 interacting via short-range 
repulsive potentials reaches the canonical crystallization volume fraction (~0.494), the 
particles self-assemble into a crystalline phase in order to maximize their local free 
volume (i.e., entropically driven assembly).16 If the volume fraction is increased further, 
the colloidal system can be forced into a disordered, out of equilibrium phase from which 
it cannot escape on accessible experimental timescales; this kinetically-trapped phase is 
commonly referred to as being jammed17 or glassy.18  
In contrast to hard spherical particles, microgel is a micrometer- or sub-
micrometer-sized particle composed of a cross-linked polymer network swollen in a good 
solvent,19 wherein the degree of swelling is governed by the network elasticity,20 polymer 
solubility,21 and the solution osmotic pressure.22 Of the microgels that are extremely 
sensitive to environmental conditions and most heavily investigated are those based on 
poly(N-isopropylacrylamide) (pNIPAm) because of the dramatic volume phase transition 
(VPT) that occurs in such particles near the lower critical solution temperature (LCST) of 
the polymer.23,24 Poly(N-isopropylacrylamide) (pNIPAm)-based microgels25 have 
emerged as potentially useful model soft spheres4 due to the tunability of their softness 
and volume as a function of temperature.26 It has been shown that monodisperse pNIPAm 
microgels can self-assemble into colloidal crystalline phases,26-28 which have been 
applied to sensing,29 for photonics,27,30 and in the study of fundamental issues in 
condensed matter physics.26,31,32 Soft repulsive interactions arising from repulsion 
between coronas around pNIPAm particles21 and the deformability of pNIPAm particles20 
confer to pNIPAm colloidal dispersions the ability to exhibit richer phase behavior than 
hard sphere colloids.26,31-33 The temperature-induced volume phase transition of pNIPAm 
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also provides a relatively simple experimental variable with which the effective volume 
fraction occupied by the microgels in dispersion can be modulated.34  
Furthermore, the incorporation of acrylic acid (AAc) moieties into pNIPAm 
particles adds pH- and ionic strength-tunability,35,36 giving rise to even more complex 
phase behavior 1,2,33, in that ionic strength, pH, temperature, and medium composition 
have been found to affect the pair interactions of these colloidal particles.1,2,33,36 Our 
groups1,2,33 and others26,34,37 have illustrated that the phase behavior of pNIPAm-AAc 
microgel dispersions with modulated soft interactions can be very different from that of 
repulsive hard spheres due to a significant degree of complexity associated with soft 
interaction potentials,32,37 and the ability to use external triggers such as pH36,38 and 
temperature31-33 to modulate both the interactions and the volume fraction of the spheres, 
thereby manipulating the phase behavior of pNIPAm-AAc colloids. As described in 
Chapter 4, the addition of this co-monomer also imparts tremendous complexity to the 
system: aging convoluted with phase transition for microgel dispersions.2 
5.2 Experimental 
5.2.1 Materials 
All reagents, materials, and water were purchased and/or prepared as previously 
described in the Chapter 2, Section 2.2.1, unless otherwise specified. 
5.2.2 Microgel Synthesis, Purification and Lyophilization 
 The synthesis, purification, and lyophilization of microgel particles used in this 
chapter are referred to Chapter 2, Section 2.2.2 
5.2.3 Microgel Dispersion Sample Preparation 
Aqueous buffers were prepared using recipes from buffer calculator developed by 
R. Beynon at the University of Liverpool.39 The microgel dispersions were prepared by 
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first dispersing approximately 10 mg pNIPAm-AAc powder in 10 g of de-ionized water 
and shaking for one week to obtain a 0.1 wt% dispersion. For dynamic light scattering 
and phase analysis light scattering, a 250 μL aliquot of the 0.1 wt% dispersion was then 
diluted to a concentration of 0.01 wt% in aqueous buffer. For video microscopy and 
particle tracking, after centrifugation of the 0.1 wt% dispersion at a RCF of 15,422 × g 
for 1 hour, the supernatant was removed. The designated aqueous buffer was then added 
to the pellets, and the microgels were re-dispersed in the buffer via shaking for 48 hours. 
After another centrifugation to remove buffer aliquot, the designated amount of the 
aqueous buffer was added to adjust the weight concentration of microgel dispersions, 
followed by shaking for another 48 hours. The dispersions were introduced into 5.0 × 2.0 
× 0.1 mm VITROTUBE™ rectangular capillaries (Fiber Optic Center, Inc.) by capillary 
force at room temperature, and then sealed with Epoxy Putty™ (ITW Devcon®) resin. 
Note that the weight concentrations of dispersions are fairly low so that the dispersions 
could flow. If the dispersions are too viscous, they should be heated to elevate 
temperature (~40 ºC) for good fluidity. Note samples are prepared for all available pH 
values (3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0) and weight concentrations. 
5.2.4 Microgel Dispersions Characterization 
5.2.4.1 Photon Correlation Spectroscopy (Dynamic Light Scattering) 
The operation and calculation details for dynamic light scattering are referred to 
Chapter 2, Section 2.2.5.1. 
5.2.4.2 Bright-Field Inverted Optical Video Microscopy 
The operation and algorithm for the dynamics of pNIPAm-AAc microgel particles 
are referred to Chapter 2, Section 2.2.5.2. 
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5.3 Results and Discussions 
5.3.1 Cluster of Microgel Particles 
The irreversible adsorption of pNIPAm-AAc microgel particles on inner wall of 
rectangular capillaries is shown in Figure 2.2 in Chapter 2, Section 2.3.2. It is also 
noticed that microgels could form dimer, trimer, tetramer,…, which is another evidence 
for the stickiness of pNIPAm-AAc particles. In fact, the aggregation of microgel paricles 
into oligomeric cluster is also regarded as a certain type of self-assembly.40 Figure 5.1 
shows the oligomeric cluster of pNIPAm-AAc microgel particles in pH 3.0 buffer. 
 
 
Figure 5.1 Microscopy images of the oligomeric clusters of pNIPAm-AAc microgel 
particles (0.04 wt % dispersion) approximately 50 μm from the glass surfaces in a pH = 
3.0, I = 10 mM aqueous buffer. Dimer, trimer, tetramer, and hexamer are displayed in 
panel A, B, C, and D, respectively. The in situ recording of the oligomeric clusters 
(circled in each panel) is another strong evidence of the stickiness of pNIPAm-AAc 
microgel particles. Note the presence of multiple particles that are in (white) or out of 
(black) focus plane. Scale bar = 10 μm. 
 
5.3.2 pH-Tunable Colloidal Phase Behaviors 
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As diffusive fluid immediately after sample preparation, pNIPAm-AAc microgel 
dispersions at some weight percentage range could form sub-diffusive fluid, crystalline, 
and glassy state after weeks of aging (described in Chapter 4). During the aging, as we 
have suggested before, it may be the case that the microgel particles swell due to the 
formation of multiple interparticle hydrogen bonds between the protonated carboxylic 
acid groups and/or amide groups, which decreases configurational entropy of polymeric 
chains while increasing the enthalpic contribution to particle assembly.1,2,32,33 With the 
pairwise interactions between the particles being apparently very weak, it is likely that 
multi-body interactions are required to form the crystalline assembly. The rearrangement 
of polymeric segments on multiple neighboring particles (particle swelling and 
interdigitation) to optimize both the number and orientation of the hydrogen bonds, and 
concomitant multi-body interactions between particles may favor particle swelling in 
order to minimize the local Gibbs free energy.1,2,33 
As suggested above, the large magnitude of swelling that occurs as a function of 
pH should result in dispersion phase behavior that is similarly pH dependent. At lower 
pH values, since each particle occupies a smaller volume, it is expected that pNIPAm-
AAc particles will assemble into colloidal crystals or glasses at higher weight fractions 
than those at higher pH values, where the particle volume is greater. This is clearly seen 
in Figures 5.2 and 5.3, which illustrate the progression of phase behavior at pH 3.0 
(Figure 5.2) and pH 5.0 (Figure 5.3) as a function of polymer (microgel) weight fraction 




Figure 5.2 Concentration-dependent phase behavior of microgels at pH 3.0 and 20 °C, 
approximately 30 days after sample preparation. The double logarithm plot of MSD vs. τ 
is shown on the top panel, and the weight concentrations with corresponding r/σ are 
indicated in the legend. Note that center-to-center distance to hydrodynamic diameter 
ratio, r/σ, can be used to estimate the volume fraction in crystalline and glassy phase 
using equation (5-14). The bottom panels contain the trajectories of microgel assemblies 
over ~10 s of observation for weight percentages from 1.0 wt% to 4.5 wt%. Scale bar = 5 
μm.  
 
Figure 5.2 presents the double logarithm plot of MSD vs. τ for pNIPAm-AAc 
microgels at pH 3.0 and 20 °C with increasing concentration. As the concentration of 
particles is increased, the dispersion progresses through a typical fluid → crystal → glass 
transition.12,41 At 0.5 wt%, the microgel dispersion remains in the fluid phase even after 
aging, where β ≈ 1 indicating diffusive motion. When the microgel concentration reaches 
1.5 wt%, the microgels form a crystalline phase and the MSD reaches a plateau after an 
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initial increase, indicating the microgels are caged in fixed lattice sites. When the particle 
concentration is raised above 4.0 wt%, the microgels are compressed together in a 
confined arrangement and tend to form a random glassy phase. Under these conditions, 
microgel diffusion is too frustrated to form an ordered crystalline lattice. Note that 
polycrystalline and crystal-glass coexistence phases are observed in some high 
concentration samples; for simplicity, we will refer to samples that are largely frozen in a 
disordered configuration as ‘glassy’.  
 
Figure 5.3 Concentration-dependent phase behavior of microgels at pH 5.0 and 20 °C, 
approximately 30 days after sample preparation. The top panel is the double logarithm 
plot of MSD vs. τ, and the weight concentrations with corresponding r/σ are indicated in 
the legend. The bottom panel contains the trajectories over ~10 s of observation for 
microgel assemblies at weight percentages from 0.5 wt% to 1.4 wt%. Scale bar = 5 μm. 
 
Analogous phase transitions are observed for microgel dispersions at pH 5.0, 
albeit at very different weight concentrations. As shown in Figure 5.3, at 0.5 wt % the 
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sample is in a fluid phase, as was observed for the pH 3.0 sample. A subtle curvature is 
observed in the 0.5 wt% MSD plot at long lag times, suggesting that the microgel motion 
is slightly sub-diffusive even at very low concentration. At 1.0 wt% the particle motion 
slows down, the MSD plot shows more pronounced curvature, and the trajectories are 
clearly less diffusive than the 0.5 wt% sample. Increasing the concentration to 1.2 wt% 
results in the assembly of the microgels into a crystalline phase in which the MSD 
reaches a plateau after initial increase. A further increase in microgel concentration to 1.4 
wt% results in a partially disordered glassy/crystalline sample with even lower maximum 
MSD in longer lag time. The data presented in Figures 5.2 and 5.3 are representative of 
the expected phenomenon: swelling of microgel particles with increasing pH results in 
transitions to crystalline and glassy states at lower wt% values.  
5.3.3 Phase Diagram of Microgel Dispersions 
To place these observations in an experimental framework commensurate with 
previous work on hard sphere packing,12,42 it is necessary to express the microgel 
concentration in terms of volume fraction, which is the typical control parameter used for 
hard spheres. Due to the extreme amount of solvent swelling observed in pNIPAm-AAc 
microgels,43 it is difficult to directly determine the volume fraction from the weight 
fraction, since the density of the individual microgels varies with concentration and pH, 
and is difficult to measure directly.26 It is also difficult to measure the diameters of 
microgel particles precisely in situ via direct optical microscopic imaging due to the 
diffraction limit.44 We and others26,32,33 have previously addressed this by extrapolating 
packing fractions from shift factors obtained in the dilute regime via rheological 
measurements on dispersions. However, this approach is likely to be valid only in the 
case of purely repulsive hard spheres, which, given the results presented above, clearly is 
not an appropriate assumption for the system under study. Therefore, we only use the 
rheology method for samples that remain in the fluid regime after aging, in which the 
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volume fraction can be estimated by multiplying the weight fraction with the appropriate 
shift factor for each pH.26 In the crystalline and glassy phases, the volume fraction is 
represented as the ratio of the average microgel center-to-center distance (r) in 
concentrated dispersions to the unperturbed microgel hydrodynamic diameter in dilute 
dispersions (σ). The average center-to-center distance (r) was obtained from the first peak 
in the radial distribution function g(r), which was obtained via analysis of the microscopy 
images. From these data, one can determine the effective volume fraction in the 
crystalline and glassy phases, since it is known that the volume fraction for closest 
packing is 0.740 (√2π/6) in a face-centered cubic (FCC) or hexagonal close packed (HCP) 
lattice. If we assume the crystalline packing of microgel particles is FCC, the effective 




=Φ                                                                              (5-1) 
Therefore, for hard spheres the freezing transition at ΦF = 0.494, corresponds to 
(r/σ)F = 1.14, whereas the melting transition at ΦM = 0.545, corresponds to (r/σ)M = 1.11. 
It is critical to note that for hard spheres, r/σ can never be less than 1, since rigid particles 
cannot be compressed, whereas for soft spheres such as pNIPAm-AAc microgels, r/σ can 
have values much less than unity because of the intrinsic compressibility of microgels. 
Thus, by the above treatment, the effective volume fraction of microgels can be greater 
than 0.740 when r/σ < 1, equivalent to compression of all microgel particles. It is also 
noteworthy to mention that for random closest packing, as would be found in a Bernal 
glass, the maximum volume fraction is 0.65.45,46 Therefore, for systems that are either 
completely glassy or display glass-crystal coexistence, the volume fraction will lie 
between 0.65 and 0.74, and equation (5-1) will overestimate the effective volume fraction.  
Furthermore, we have never observed any evidence of particle deformation from a 
spherical shape; the actual close packing limit is therefore not being expected to much 
higher than 0.74.  
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Given this approach, the experimentally determined phase diagram for pNIPAm-
AAc microgel suspensions following ~30 days of aging is displayed in Figure 5.4, in 
which the left vertical axis represents r/σ, and the right vertical axis denotes the effective 
volume fraction Φeff. At each pH value (with constant ionic strength), a series of microgel 
dispersions with increasing weight fractions were prepared, and the microgel dynamics 
were recorded as described previously to construct the phase diagram. In line with the 
more detailed data in Figures 5.2 and 5.3, the phase diagram shows that a decrease in r/σ 
(increase in volume fraction) at a fixed pH is accompanied by a fluid → crystal → glass 
transition, similar to the phase behavior for repulsive hard spheres12,42 and simple 
pNIPAm colloids.26,41 However, the similarity to hard spheres is not quantitative when 
considering the canonical phase transitions for that system.  
 
 
Figure 5.4 The phase diagram of pNIPAm-AAc microgels as a function of pH and 
volume fraction after ~30 days of aging. The volume fraction of microgels in suspension 
is scaled by the ratio between the center-to-center distance between nearest neighboring 
microgels (r) and the unperturbed hydrodynamic diameter of the microgels (σ) as a 
function of pH. The red closed circles represent the fluid phase, blue diamonds represent 
the crystalline phase, and magenta squares represent the glassy phase. The red, blue and 
magenta horizontal lines represent the hard sphere freezing, melting and maximum 
packing volume fractions, respectively. 
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The typical phase boundaries are superimposed onto the experimental data in 
Figure 5.4 (ΦF = 0.494, ΦM = 0.545, and Φmax = 0.74); by and large, the observed 
transitions for the microgel dispersions are very different from those found for hard 
spheres. For example, at very low effective volume fractions (Φeff = 0.40, corresponding 
to r/σ = 1.22) crystallization was observed at pH 3.0, 3.5, and 4.0 after aging. Conversely, 
dispersions remained fluid-like at pH 5.5 and 6.0 even above the close-packing limit (r/σ 
= 1). These values are also very dissimilar from those measured for simple pNIPAm 
colloids, for which crystallization has been observed for Φeff = 0.56-0.63.26,41 The general 
trend displayed in Figure 5.4 is that the pNIPAm-AAc microgels apparently crystallize at 
much lower Φeff values under acidic conditions (pH < pKa), and are too compressible to 
form crystals at higher pH values (pH > pKa), along with fluid-like mobility at high 
packing fractions. As we suggested in previous publications,1,33 one possible explanation 
for this odd phase behavior centers around the AAc moieties on the pNIPAm-AAc 
microgels. For example, in the case of pH 3.0, only 5% of AAc moieties are ionized, and 
the Coulombic repulsion and internal osmotic pressure of microgel particles are thus 
much smaller than at higher pH values. Because of the moderate ionic strength, which 
was kept constant at 10 mM in all samples, the Debye-Hückel screening length is rather 
short with an estimated value of ~3 nm. Under these conditions, carboxylic acid-
carboxylic acid and carboxylic acid-amide hydrogen bonding between dangling chains 
tethered on pNIPAm-AAc particles should be maximized, thereby potentially resulting in 
a net attractive interaction at short particle separations. Conversely, as the pH is increased, 
the degree of AAc deprotonation increases, not only causing microgel swelling, but also 
an increased Coulombic repulsion between particles, at least over short distances. 
Apparently, under these conditions crystallization is frustrated and the dispersions remain 
fluid up to very high effective volume fractions. Similar effects have been observed for 
highly charged, ultrasoft microgels by Weitz and co-workers.47 In those experiments, 
mechanical particle deformation was invoked as the main mechanism by which the 
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particles diffused by each other in concentrated dispersions. Whereas we cannot precisely 
determine if this is occurring for our microgel dispersions by microscopy due to limited 
optical resolution, we do not see strong evidence for particle deformation from the optical 
microscopy. It may be the case, however, that transient deformation allows particle 
motion to be diffusive even at high concentrations. 
5.3.4 pH-Tunable Thermostablity of Microgel Assemblies 
The net attractive interaction between pNIPAm-AAc microgel particles after 
aging was probably due to carboxylic acid-carboxylic acid, carboxylic acid-amide, and 
amide-amide hydrogen bonding.48 The unique phase behavior of microgel dispersions 
result from the convolution of aging and phase transition.2 Although direct methods for 
quantifying pair interaction between particles are available,49,50 to account for multi-body 
interaction in situ, we use particle tracking to assess the melting temperature of pNIPAm-
AAc colloidal crystals. To quantitatively assess crystal melting, we use the 
phenomenological Lindemann criterion. The quasi-2D time-dependent Lindemann 
parameter is defined as 





τγ =                              (5-2) 
where r is the ensemble-averaged center-to-center distance between nearest neighboring 
particles.51,52 The quasi-2D Lindemann parameter is a measurement of time-dependent 
positional fluctuations of microgel particles relative to the crystal lattice spacing.51 We 
quantitatively assess crystal melting using the phenomenological Lindemann criterion. If 
the maximum Lindemann parameter of microgels in hexagonal assemblies at longer lag 
time is over 0.16, the microgel assemblies melted.51,52  For purely repulsive pNIPAm 
particles, we and others have report that pNIPAm colloidal crystals melt at temperature 
lower than the LCST of pNIPAm microgels.26,32,34 Here we presume that if microgel size 
is the function of environmental temperature, when temperature crossover LCST of 
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pNIPAm microgel, the volume of microgel will decrease drastically so that the effective 
volume fraction of pNIPAm dispersions become less than the canonical melting volume 
fraction (ΦM), thereby melting the colloidal crystals. Therefore, the thermal stability of a 
microgel dispersion should report on the interparticle interactions, with the assembly 
becoming more thermally stable if multi-body interparticle attractive interactions are 
present; the additional enthalpic contribution to the assembly will represent an additional 
energetic barrier that must be overcome to drive assembly melting. As shown below, 
pNIPAm-AAc microgel assemblies show thermal behavior completely different from 





Figure 5.5 (a) The maximum time-dependent Lindemann parameter (γLmax@42C) of 
pNIPAm-AAc microgels at 42.0 °C from pH 3.0 to 6.0. The weight percentage for each 
pH is: 2.0 wt% for pH 3.0, 3.5, 4.0, and 4.5, 1.2 wt% for pH 5.0, 1.1% for pH 5.5 and 6.0. 
(b,c) The time-dependent Lindemann parameter [γL(τ)] of pNIPAm-AAc microgels at 
different temperatures at pH 3.0 (b) and pH 6.0 (c). The horizontal red lines represent the 
critical Lindemann parameter, 0.16, which is the melting point of FCC or HCP-type 
crystals. Closed symbols represent solid phase samples, whereas open symbols represent 
fluid phases. 
 
Figure 5.5a shows the maximum Lindemann parameter (γLmax@42C) measured at a 
temperature of 42 °C for pNIPAm-AAc dispersions as a function of pH. Note that this 
temperature represents the upper limit for our objective heater; direct microscopic 
observation of melting in all samples with accurate temperature control is not possible on 
our current equipment due to this limitation. In this figure, we show the results obtained 
for dispersions with weight fractions near the lower limit for crystallization at each pH 
value. Thus, these data represent the “weakest” assemblies formed at each pH. The thick 
red line represents the critical Lindemann parameter for FCC lattice melting,  γLc = 0.16. 
We observe that the γLmax@42C values for pNIPAm-AAc crystals from pH 3.0 to 5.5 are 
well below the critical Lindemann parameter for melting. The only sample that melts 
below 42 °C is the one formed at pH 6.0, for which melting of the pNIPAm-AAc 
assembly and the formation of fluid phase is quantitatively confirmed by the maximum 
Lindemann parameter of 0.23 at 42 °C. The time-dependent Lindemann parameters of 
dispersions at different temperatures in pH 3.0 and pH 6.0 buffers are shown in Figures 
5.5b and 5.5c, respectively. For colloidal crystals at pH 3.0, the particle motion remains 
caged even at temperatures much higher than the intrinsic volume phase transition 
temperature (VPTT) of pNIPAm-AAc microgels at this pH (~31 °C). As was discussed 
above, the marked thermostability of the pNIPAm-AAc colloidal crystals suggests that 
significant enthalpic, attractive interparticle interactions exist in these microgel 
assemblies. These presumably can be attributed to hydrogen bonding48 and/or 
hydrophobic interactions at temperature above the VPTT.53 In Figure 5.5c, the time-
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dependent Lindemann values are also shown for a caged pNIPAm-AAc dispersion (1.4 
wt%) at pH 6.0. In this case, the assembly actually melts at a temperature of ~40 °C, 
which is lower than the intrinsic VPTT of pNIPAm-AAc microgels at this pH (~50 °C).54 
This sub-LCST melting behavior is typical for microgel crystals with purely repulsive 
interactions, as described previously.26,32,34 Thus, in contrast to the other data shown in 
Figure 5.5, the thermally induced melting of the pNIPAm-AAc crystalline phase at pH 
6.0 suggests that repulsive interactions dominate at this pH, where hydrogen bonding is 
frustrated by AAc deprotonation. Together, these data suggest that the pH tunability of 
these microgel dispersions arises not only from particle volume changes, but also from 
modulation of the interparticle interactions, which evolve slowly, presumably due to a 
subtle competition between inter- and intraparticle chain-chain interactions. 
5.4 Conclusions 
 As described in Chapter 4 and 5, for pNIPAm-AAc microgel dispersions, 
particularly in semi-dilute or concentrated regime, aging is convoluted with phase 
transition. The interparticle attractive interaction, probably due to hydrogen bonding at 
temperature lower than LCST and pH below pKa of AAc, evolves with the swelling of 
microgel particles in the dispersion during the aging process. Thus formed pNIPAm-AAc 
microgel assemblies are thermodynamically more stable than their pNIPAm counterparts. 
The thermostability of pNIPAm-AAc assemblies after aging suggests that attractive 
interactions are at work. When the pH of suspension medium is lower than the AAc pKa, 
the pNIPAm-AAc microgel particles form colloidal crystals at effective volume fractions 
as low as 40% (pH 3.0), which is probably due to hydrogen bonding and/or multi-body 
interactions between particles. Due to the delicate balance between repulsive and 
attractive interactions between particles, the formation of colloidal crystals becomes more 
favored when the pH is close to the AAc pKa, at which point the effective volume 
fraction for crystallization spans from 40% to over 100% (indicating the compression of 
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particles under dense packing conditions). On the other hand, when the pH is above the 
AAc pKa, the deprotonated AAc segments do not form hydrogen bonds efficiently, 
thereby shutting down a source of attractive interactions. It also appears that under these 
conditions, the pNIPAm-AAc particles are so deformable that crystallization is frustrated 
and the dispersion prefers to remain fluid even at very high packing fractions (> 100%).  
Together, these results illustrate the incredibly rich physics and dynamic nature found in 
this colloidal system. Despite the extensive amount of experimentation carried out in 
these studies, it is likely that we have only scratched the surface, and that deeper studies 
of these phenomena will produce additional observations that speak to the complex 
interplay between the colloidal and polymer energetics. 
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CLICKABLE MULTI-RESPONSIVE MCIROGELS  
FOR CHEMO-LIGATION 
This chapter describes the synthesis, purification and characterization of clickable 
microgels, poly(N-isopropylacrylamide-co-acrylic acid-co-3-azido-2-hydroxypropyl 
methacrylate) (pNIPAm-AAc-AzHPMA) and poly(N-isopropylacrylamide-co-acrylic 
acid-co-propargyl acrylate) (pNIPAm-AAc-PA), and clickable fluorophores, fluorescein 
propargyl thiourea (FPTU) and 5-azidofluorescein (AzF). The click reaction between 
clickable microgels and clickable fluorophores is then performed to demonstrate the 
advantage of click reaction for chemo-ligation of microgel particles in aqueous phase. 
The simultaneous and two-step click reaction and EDC (1-ethyl-3-(3-dimethylamino- 
propyl)- carbodiimide hydrochloride) coupling were performed to confirm the 
orthogonality of click reaction to other ligation techniques, such as EDC coupling. Note 
that this chapter is excerpted from my paper submitted to Journal of American Chemical 
Society. 
6.1 Introduction 
6.1.1 Literature Review 
Microgels are micrometer or sub-micrometer sized polymeric networks swollen in 
good solvent,1,2 and are called hydrogel microparticles3 or hydrogel microspheres4 if the 
dispersant is water. Solvent occupies the majority of the volume within microgels, as the 
interactions between the polymer and the solvent dominate over interactions between 
polymeric chains.2 However, external stimuli can trigger an abrupt shift towards the 
dominance of polymer-polymer over polymer-solvent interactions. A classic illustration 
of this effect is observed in polymers displaying a lower critical solution temperature 
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(LCST), above which the polymer desolvates in an entropically-driven phase transition.5,6 
The most extensively investigated thermoresponsive microgels are composed of poly(N-
isopropylacrylamide) (pNIPAm), which displays an LCST at approximately 31 ºC.2,6-8 
Furthermore, the co-polymerization of acidic or basic co-monomers yields microgels that 
exhibit not only temperature- but also pH- and ionic strength-responsivity.9,10 As a result 
of there properties, stimuli-responsive microgel systems have been used as targeted drug 
delivery vehicles since the last decade.11-16 Our group attempted to load 
microgel/nanogels with biomacromolecules, such as peptides,17,18 siRNA,15 and drugs, 
such as Doxorubisin,19 via electrostatic interaction/osmotic pressure.15,17,18 Furthermore, 
to facilitate the targeted drug delivery, routine bioconjugation techniques, such as EDC 
(1-ethyl-3-(3-dimethylamino-propyl)- carbodiimide hydrochloride) coupling of 
carboxylic acid and amine20,21 and Michael addition between maleimide and thiol,22 were 
used to introduce the ligands on the surface of microgel/nanogel particles. However, the 
synthesis of such vehicles can be compromised when the targeting moieties and 
therapeutics possess functionalities that are cross-reactive or do not permit controlled, 
high-yield coupling to the microgel carrier. To circumvent this problem, the chemical 
handles should possess chemical orthogonality: not only be chemically inert to common 
functionalities and reactions in biological environments, but also react rapidly with 
complementary functionalities under ambient conditions and in aqueous media without 
interference from other functional groups. Bioorthogonal click reactions,23 especially 
Cu(I)-catalyzed azide-terminal alkyne 1,3-dipolar cycloadditions,24,25 meet the above 
criteria and therefore represent a good choice for functionalization of microgel particles. 
Click reactions are by definition easy and robust to perform, generate products in 
high yield with little or no byproducts, and tolerate O2, H2O, or even physiological 
conditions.26 Click chemistry, especially Cu(I)-catalyzed24,25 1,3-dipolar Huisgen27 
cycloaddition of azide and terminal alkyne, due to the very narrow reaction profile of 
azides and alkynes in biological environments, offer bioorthogonality23,28 to any naturally 
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occurred functionalities, such as mercapto, hydroxy, carboxy, and amino groups.29 
Whereas metal-free click reactions have recently been developed,23,28,30 Cu(I)-catalyzed 
azide-terminal alkyne cycloaddition is most extensively investigated reaction for 
bioorthogonal conjugation of macromolecules.31,32 In addition to dendrimers33 and 
polymers,31,32 this click reaction has also been executed on the microgel particles34-37 and 
biological nanoparticles.38,39 Hawker and Wooley prepared shell-cross-linked (SCK) 
nanoparticles via a click reaction.40 The Frechet group developed a “two-step” 
polymerization-azidation process to fabricate azido-containing polymer beads for HPLC 
separation.37 The Foulger group has prepared alkynyl-containing latex particles to 
stabilize colloidal crystals.35 However, none of these papers demonstrated azido-
containing microgel particles in a “one-pot” polymerization process. In the present study, 
we demonstrate a one-pot, multi-feed synthesis of microgel particles with either azido or 
terminal alkynyl groups on poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-AAc) 
microgel particles. Furthermore, the click reaction between microgel-based azide and 
terminal alkyne groups with alkynyl- and azido-containg fluorophores confirms the 
validity of the click reaction on microgel carriers. Additionally, the demonstration of a 
simultaneous click reaction and a 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide 
hydrochloride (EDC) coupling reaction20 confirms the orthogonality of click reaction to 
functionalities such as hydroxyl, carboxyl, and amino groups. 
6.1.2 Experimental Design 
To achieve the azido-containing microgel synthesis, we used glycidyl 
methacrylate as precursor co-monomer in one-pot, multi-feed copolymerization with in 
situ ring-opening conversion of the epoxy group to an azidohydrin.41,42 Although the 
conversion of glycidyl methacrylate (GMA) to 3-azido-2-hydroxypropyl methacrylate 
(AzHPMA) has been reported previously, those approaches required either a polymeric 
phase-transfer catalyst in water43 or samarium chloride hexahydrate catalyst in DMF.44 In 
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our approach, no specific phase-transfer catalyst or organic solvent was used for 
azidation of the microgels during polymerization. Furthermore, the one-pot synthesis of 
azido-containing clickable microgels eliminated the complications involved with 
synthesis and purification of AzHPMA.43,44 The one-pot, three-stage copolymerization of 
NIPAm, AAc, and GMA with NaN3 is shown in Scheme 1. For all schemes below, 
carboxylic acid groups for EDC coupling are denoted by red, whereas azido and alkynyl 
groups for the click reactions are denoted by purple and blue, respectively. 
 
 
Scheme 6.1 One-pot, three-stage synthesis of azido and carboxylic acid-containing, 
multi-responsive, clickable microgels 1 (See Chart 6.1). 
 
Scheme 6.1 contains three synthetic stages. Stage I consists of the 
copolymerization of NIPAm, AAc, and BIS initiated by APS in deionized (DI) water at 
65 ºC for an hour. Stage II consists of the addition of GMA to the microgel 
copolymerization mixture. The late addition of GMA was performed to circumvent phase 
segregation of hydrophobic GMA into the core of pNIPAm-based microgels.45 After 
another hour of copolymerization, Stage III was started with the addition of NaN3 to the 
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copolymerization mixture for the azidation of the GMA moieties in situ. Note that the 
amount of NaN3 added was divided into several portions to avoid an abrupt ionic strength 
increase, which induces the rapid coagulation of microgels at elevated temperature. The 
in situ azidation of GMA did not inhibit the copolymerization process if the NaN3 was 
added 2 hours after initiation. Under these conditions, it is not known whether the 
azidation occurs before or after GMA co-polymerization with NIPAm or AAc, although 
given the late addition of NaN3 it is likely that the majority of the azidohydrin formation 
occurs after GMA incorporation into the microgel. The detailed mechanism of this 
polymerization is currently under further investigation in our group. 
Similarly, we also used propargyl acrylate (PA) as co-monomer in a one-pot, two-
stage, multi-feed approach for the preparation of alkynyl-containing microgels, which is 
shown in Scheme 6.2. To avoid phase separation of PA into the microgel core, we also 
delayed the addition of PA until 1 hour after the initiation. Note that the reaction time 
required for high conversion is longer for PA copolymerizations, which is likely due to 
its relatively slow propagation rate.35 
 
 
Scheme 6.2 One-pot, two-stage synthesis of alkynyl and carboxylic acid-containing 
multi-responsive, clickable microgels 2 (See Chart 6.1). 
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To examine the click reaction between microgels and fluorescent dyes, the 
“clickable” fluorophores, fluorescein propargyl thiourea (FPTU 4, Chart 6.1) and 5-
azidofluorescein (AzF 3, Chart 6.1) were synthesized and purified in our laboratory. 
Furthermore, to test the orthogonality of click reaction to EDC coupling between 
carboxylic acid groups on microgels and fluorescent dyes with amino groups, 
tetramethylrhodamine-5,6-carboxamide cadeverine (TMRC 5, Chart 6.1) was used. The 
chemical functionalities on the two clickable microgels and the structures of the 
fluorophores are shown in Chart 6.1.  
 
Chart 6.1 Chemical structures of azido- and alkynyl, carboxyl-containing microgels (1 
and 2) and azido-, alkynyl, and amino-functionalized fluorophores (3, 4 and 5). 
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Epifluorescence microscopy was used to determine if click reactions or EDC 
coupling occurs between functional microgels and fluorophores with complementary 
functionalities. The click reaction between azide microgel 1 and alkyne fluorophore 4 
was performed with Cu(I) catalysis in aqueous media at ambient temperature. The EDC 
coupling between the carboxylic acid groups on microgel 1 with amino groups on 
fluorophore 5 was performed simultaneously with the click reaction to test orthogonality 
of click reaction. Similarly, the click reaction of alkyne microgel 2 with azide 
fluorophore 3 with Cu(I) catalysis and EDC coupling of microgel 2 with fluorophore 5 
were also performed simultaneously. All microgel-fluorophore ligations were allowed to 
proceed in pH 5.0 aqueous buffer at ambient temperature. The one-pot click reaction + 
EDC coupling between microgel 1 and dyes 4 and 5 or between microgel 2 and dyes 3 
and 5 are shown in Scheme 6.3. The one-pot, simultaneous ligation of 1 with 4 and 5, 
gave rise to microgel 6. Similarly, the one-pot, simultaneous ligation microgel 2 with 3 
and 5 gave rise to microgel 7. After reaction with the fluorophores, the resultant 
microgels were cleaned extensively by a centrifugation-redispersion procedure to remove 
residual Cu(I) species and nonspecifically adsorbed fluorophores. (Details in 
Experimental, Section 6.2.4.2.1)  
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Scheme 6.3 One-pot click reaction and EDC coupling of clickable microgels with 
fluorophores with complementary functionalities in pH 5.0 buffer at ambient temperature. 
 
To compare with the simultaneous ligation method, two-step ligations of 
microgels 1 and 2 were also performed. Azido and carboxylic acid-containing microgel 1, 
can either first click with 4 followed by EDC coupling with 5 or first EDC couple with 5 
followed by clicking with 4. Alkynyl and carboxylic acid-containing microgel 2, can also 
click with 3 and EDC couple with 5 in a similar manner. The two-step chemo-ligations of 
fluorophores on multiresponsive clickable microgels are illustrated in Scheme 6.4. 
 
 
Scheme 6.4 Two-step coupling to clickable microgels 1 and 2 with fluorophores in pH 
5.0 buffer at ambient temperature. 
 
The fluorescently labeled microgels produced in Steps 1 (8’, 8”, 9’, and 9”) and 2 
(8 and 9), were purified for fluorescence microscopy. Similar purification protocols were 
used for microgels after ligation in each step. (Details are shown in Experimental, Section 
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6.2.4.2.2.) After purification, microgel dispersions 8 and 9 were dropped and dried on the 
cleaned glass slides. 
To further illustrate the fidelity of these coupling reactions, control experiments 
were designed to examine the reactivity of azido/alkynyl groups with amino groups and 
the orthogonality of click reactions to EDC coupling. To minimize the cross-reactivity, 
monofunctional microgels pNIPAm-AAc 10, pNIPAm-AzHPMA 11, and pNIPAm-PA 
12 for control experiments were synthesized as shown in Scheme 6.5. Note the synthesis 
of pNIPAm-AAc microgels 10 was conducted at fairly low temperature, thereby giving 
particles with relatively larger size, which is shown in Scheme 6.5 and 6.6. Then the 
control experiments will answer the following questions as shown in Scheme 6.6: I) As 
for carboxyl groups, are they reacted with alkynyl or azido groups in the presence of 
Cu(I)? Furthermore, are they reacted with amino groups in the absence of EDC? II) As 
for azido groups, are they reacted with alkynyl groups without Cu(I)-catalysis? Or are 
they reacted with themselves with Cu(I)-catalysis? Or are they reacted with amino groups 
in the presence of Cu(I) or EDC? III) As for alkynyl groups, are they reacted with azido 
groups without Cu(I)-catalysis? Or are they reacted with themselves with Cu(I)-catalysis? 
Or are the reacted with amino groups in the presence of Cu(I) or EDC? (Experimental 




Scheme 6.5 Syntheses of microgels pNIPAm-AAc 10, pNIPAm-AzPMA 11, and 





Scheme 6.6 Control experiments designed to examine the orthogonality of Cu(I)-




6.2.1 Clickable Fluorophores 
6.2.1.1 Materials 
Fluorescein isothiocyanate I (FITC-I, Acros), propargyl amine (PAm, Acros), 5-
aminofluorescein (AmF, TCI), sodium nitrate (NaNO2, Alfa Aesar), HCl (0.5 M, Fisher), 
sodium azide (NaN3, Acros), dimethylformamide (DMF, EMD), triethylamine (TEA, 
EMD), methanol (BDH), and methylene chloride (BDH) were all used without further 
purification. Sodium tetraborate decahydrate (Na2B4O7.10H2O, Fisher) was used to 
prepare Borax buffer.46 Silica gel (Natland, 100-200 mesh) was used for column 
chromatographic purification of crude product. All water used in the synthesis and 
purification are deionized water with a resistivity of 18MΩ·cm. 
6.2.1.2 Synthesis and Column Chromatographic Purification of Fluorophores 
6.2.1.2.1 Synthesis and Column Chromatographic Purification of Fluorescein Propargyl 
Thiourea (FPTU 4) 
The synthetic and purification protocol is based upon the combination of available 
references.47,48 Approximately 38.3 mg of sodium tetraborate decahydrate was dissolved 
in 100 mL deionized water to prepare 0.01 M Borax buffer. The pH value of Borax buffer 
was 9.2 ± 0.1. Then 80 μL propargyl amine (PAm) (1.2 mmol) was dissolved in 
approximately 10 mL Borax buffer. Approximately 180.6 mg of fluorescein 
isothiocyanate I (FITC-I) (0.53 mmol) was dissolved in 60 mL Borax buffer. The 
reaction start by transferring 10 mL PAm buffer solution into 60 mL FITC-I buffer 
solution under magnetic stirring at room temperature. The reaction was allowed to 
proceed for 48 hours. The reaction mixture was purified by column chromatography with 
silica gel as stationary phase and CH2Cl2/MeOH (95:5 v/v) as mobile phase. After dried 
in vacuum oven at room temperature, the dark yellow solid powder was obtained with the 
yield of 63%.  
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6.2.1.2.2 Synthesis and Column Chromatographic Purification of 5-Azidofluorescein 
(AzF 3) 
The synthetic protocol is a revised version of available reference.49 Of 5-amino-
fluorescein (AmF), 368.6 mg (1.06 mmol) were dissolved in 20 ml of methanol. Dissolve 
409.9 mg of sodium nitrite in 10 mL deionized water. Sodium nitrite solution was then 
added into AmF methanol solution under vigorous stirring in three-neck round bottom 
flask within ice bath, followed by the slowly dripping addition of 10 ml of a 0.5 M 
solution of hydrochloric acid. After NO stopped evolving from the stirred reaction, 0.5 g 
of solid sodium azide in 10 mL aqueous solution was added under stirring in an open 
flask, in a well ventilated hood (Caution: Hydrazoic acid is very toxic). After nitrogen 
stopped evolving from the stirred mixture, the mixture was filtered through Whatman 
qualitative filter paper and the solvents removed under vacuum. Approximately 20 mL of 
0.5 M HCl solution were added to the residue and the resulting precipitate was washed 
extensively with cold water. After re-dissolving precipitate in DMF, the reaction product 
was purified by column chromatography with silica gel as stationary phase and 
CH2Cl2/acetone (80:20 v/v) as mobile phase. After dried in vacuum oven at room 
temperature, the brown-yellow solid powder was obtained with the yield of 74%.  
6.2.1.3 Fluorescene Spectrophotometry 
A steady-state fluorescence spectrophotometer (Photon Technology International) 
equipped with a Model 814 PMT photon-counting detector was used to record absorption 
of irradiation and emission of fluorescence of 1 μM fluorophore aqueous solution at 
controlled temperature. The temperature was controlled using a PE 60 Temperature 
Controller and Peltier Stage (Linkam Scientific Instruments Ltd., Surrey, UK). The slit 
widths were set to a bandwidth of 1 nm and the excitation and emission monochromators 
were set to approximately 400-500 nm and 500-600 nm, respectively. The solution 
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temperature was measured with a platinum resistor immersed in the solution; the 
temperature accuracy was ± 0.1 °C, as specified by the manufacturer.  
6.2.2 Clickable Microgels for Click Reaction and EDC Coupling 
6.2.2.1 Materials 
The monomers N-isopropylacrylamide (NIPAm, TCI) was purified by 
recrystallization from n-hexane (J. T. Baker). Glycidyl methacrylate (GMA, Fluka), 
sodium azide (NaN3, Acros), propargyl acrylate (PA, Polysciences), acrylic acid (AAc, 
Fluka), N,N’-methylene bisacrylamide (BIS, Aldrich) and ammonium persulfate (APS, 
Aldrich) were used as received. Water for polymerizations, purification, and dispersion 
preparations was distilled, de-ionized to a resistivity of 18 MΩ•cm (Barnstead E-Pure 
system), and filtered through an in-line 0.8-μm filter to remove particulate matter. 
6.2.2.2 One-Pot Multi-Stage Synthesis and Purification of Clickable Microgels 
6.2.2.2.1 Synthesis and Purification of pNIPAm-AAc-AzHPMA 1 
The 250 mL three-neck round-bottom flask equipped with N2 inlet and outlet, 
condenser, and thermometer was charged with 95 mL aqueous solution containing 2.045 
g (18 mmol) NIPAm (monomer), 0.072 g (1 mmol) AAc (co-monomer) and 0.031 g (1 
mmol) BIS (cross-linker) through syringe with an in-line 0.8-μm filter. The reaction 
mixture was heated up to 50 °C and bubbled with N2 for an hour before the addition of 
APS solution (0.023 g, 0.1 mmol, in 5 mL de-ionized water). After addition of APS, the 
copolymerization was allowed to proceed for 60 minutes. The reaction mixture became 
turbid due to the formation of microgel particles at temperature higher than their lower 
critical solution temperature (LCST). Then the temperature was set to ramp from 50 °C 
up to 65 °C with a ramp rate of 30 °C/hr. After 60 minutes, add 5 mL acetone solution 
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containing 0.143 g (1 mmol) GMA (co-monomer precursor containing epoxy group) 
through syringe with an in-line 0.8-μm filter. A 5 mL aqueous solution containing 0.098 
g (1.5 mmol) NaN3 (modifier for azidation of epoxy group) was also added dropwise 
through syringe with an in-line 0.8-μm filter in several portions. When the temperature of 
reaction mixture reached 65 °C, the copolymerization was allowed to proceed for 20 
hours. After copolymerization, the reaction mixture was allowed to filter through glass 
fiber to remove coagulum, followed by centrifugation at a radial centrifugal force (RCF) 
of 15, 422 × g to separate residual monomers, soluble oligomers, and residual APS and 
NaN3. After centrifugation, the supernatant was removed and the pellet was re-dispersed 
in fresh de-ionized water and allowed to shake for overnight. The centrifugation-
redispersion process were repeated four times before lyophilization at – 49 °C under 40 × 
10 –3 mbar for 72 hours. The product was hygroscopic white powder. 
6.2.2.2.2 Synthesis and Purification of pNIPAm-AAc-PA 2 
The 250 mL three-neck round-bottom flask equipped with N2 inlet and outlet, 
condenser, and thermometer was charged with 95 mL aqueous solution containing 2.045 
g (18 mmol) NIPAm (monomer), 0.072 g (1 mmol) AAc (co-monomer) and 0.031 g (1 
mmol) BIS (cross-linker) through syringe with an in-line 0.8-μm filter. The reaction 
mixture was heated up to 50 °C and bubbled with N2 for an hour before the addition of 
APS solution (0.023 g, 0.1 mmol, in 5 mL de-ionized water). After addition of APS, the 
copolymerization was allowed to proceed for 60 minutes. The reaction mixture became 
turbid due to the formation of microgel particles at temperature higher than their lower 
critical solution temperature (LCST). Then the temperature was set to ramp from 50 °C 
up to 65 °C with a ramp rate of 30 °C/hr. After 60 minutes, add 5 mL acetone solution 
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containing 0.110 g (1 mmol) PA (co-monomer containing acetylene group) through 
syringe with an in-line 0.8-μm filter. When the temperature of reaction mixture reached 
65 °C, the copolymerization was allowed to proceed for 40 hours. After copolymerization, 
the reaction mixture was allowed to filter through glass fiber to remove large coagulum, 
followed by centrifugation at a force of 15, 422 × g to separate residual monomers, 
soluble oligomers, and residual APS. After centrifugation, the supernatant was removed 
and the pellet was re-dispersed in fresh de-ionized water and allowed to shake for 
overnight. The centrifugation-redispersion process were repeated four times before 
lyophilization at – 49 °C under 40 × 10 –3 mbar for 72 hours. The product was 
hygroscopic white powder. 
6.2.2.3 Characterization of Clickable Microgels 
6.2.2.3.1 Photon Correlation Spectroscopy  
The theoretical background and operation protocol are referred to Chapter 2, 
Section 2.2.5.1 in this dissertation. 
6.2.2.3.2 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-
FTIR) 
As shown in Scheme 6.7, an attenuated total reflection accessory operates by 
measuring the changes that occur in a totally internally reflected infrared beam when the 
beam comes into contact with a sample.50 An infrared beam is directed onto an optically 
dense crystal with a high refractive index at a certain angle. This internal reflectance 
creates an evanescent wave that extends beyond the surface of the crystal into the sample 
held in contact with the crystal. This evanescent wave protrudes only a few microns (0.5 - 
5 μm) beyond the crystal surface and into the sample. In regions of the infrared spectrum 
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where the sample absorbs energy, the evanescent wave will be attenuated or altered. The 
attenuated energy from each evanescent wave is passed back to the IR beam, which then 
exits the opposite end of the crystal and is passed to the detector in the IR spectrometer. 
The system then generates an infrared spectrum. 
 
Scheme 6.7 The schematic diagram of attenuated total reflection accessory mount on 
ATR-FTIR instrument, where the green thick line represent unknown sample, red line IR 
beam, and blue invert trapezoid ATR crystal. 
 
At room temperature, approximately 25 mg of polymeric solid was put on the 
ATR crystal (diamond is used as ATR crystal) of Thermo Electron Nicolet 4700 FT-IR 
instrument. The software OMNIC 7.0 was used to set the resolution to 1 cm–1 and 
scanning range from 500 to 4000 cm–1. After background scanning in air, the sample was 
mounted on the ATR crystal for sample scanning. The resulting data were saved as SPA 
and CSV formats for data analysis. 
6.2.3 Microgels for Control Experiments 
6.2.3.1 Materials 
All reagents used here are referred to Section 6.2.2.1 
6.2.3.2 One-Pot Multi-Stage Synthesis of Microgels for Control Experiments 
6.2.3.2.1 Synthesis of pNIPAm-AAc 10 Microgels for Control Experiments.  
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The monomers NIPAm (1.8 g, 15.9 mmol), AAc (0.2 g, 2.78 mmol),  and the 
cross-linker BIS (0.04 g, 0.259 mmol) were dissolved in 100 mL of distilled, deionized 
water and filtered through an in-line 0.8-μm filter to remove particulate matter. Deionized 
water (25 mL) was used to transfer and wash throughout filtration. After delivering the 
monomer solution to a 250 mL three-neck round-bottom flask via a 20-mL syringe with 
an in-line 0.8-μm filter, the flask was equipped with a thermometer, condenser/N2 outlet, 
stir bar, and a N2 inlet. The reaction system was purged with N2 for 1 hour while 
equilibrating to a temperature of 45 °C. The monomer solution (115-mL volume) was 
then maintained at 45 °C for 15 min at a stir rate of 450 rpm. A 5 mL aliquot of a 0.044 
M aqueous solution of the initiator APS was delivered to the monomer solution via a 5-
mL syringe with an in-line 0.8-μm filter to initiate the polymerization. The 
polymerization was allowed to proceed 20 hours at 45 °C. After polymerization, the 
resulting turbid reaction product was filtered through glass wool to remove a large 
amount of coagulum. Microgels were purified by centrifugation to separate unreacted 
monomers, oligomers, and initiator from the microgels. The synthesis product was 
separated at a RCF of 15, 422 × g for 1 hour, followed by removal of the supernatant and 
re-dispersion of microgel pellets by shaking with fresh deionized water. The 
centrifugation and re-dispersion process was repeated four times. After purification, the 
microgel dispersion was lyophilized at –42 °C under 40 × 10–3 mbar for 48-72 hours. The 
freeze-dried product was a hygroscopic white powder. 
6.2.3.2.2 Synthesis of pNIPAm-AzHPMA 11 Microgels for Control Experiments.  
A 250 mL three-neck round-bottom flask equipped with N2 inlet and outlet, 
condenser, and thermometer was charged with 95 mL aqueous solution containing 2.158 
g (19 mmol) NIPAm (monomer) and 0.031 g (2 mmol) BIS (cross-linker) through 
syringe with an in-line 0.8-μm filter. The reaction mixture was heated to 65 °C and 
bubbled with N2 for an hour before the addition of APS solution (0.023 g, 0.1 mmol, in 5 
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mL deionized water). After addition of APS, the copolymerization was allowed to 
proceed for 60 minutes. The reaction mixture became turbid due to the formation of 
microgel particles. Then a 5 mL acetone solution containing 0.143 g (1 mmol) GMA was 
added via syringe with a 0.8-μm filter; the reaction was allowed to proceed for another 
one hour. A 5-mL aqueous solution containing 0.098 g (1.5 mmol) NaN3 was added 
dropwise via syringe with an in-line 0.8-μm filter. When the temperature of the reaction 
mixture stabilized at 65 °C, the copolymerization was allowed to proceed for 18 hours. 
After copolymerization, the reaction mixture was filtered through glass wool to remove 
coagulum, followed by centrifugation at a force of 15,422 × g to separate residual 
monomers, soluble oligomers, and residual APS and NaN3. After centrifugation, the 
supernatant was removed and the pellet was re-dispersed in fresh deionized water and 
allowed to shake overnight. The centrifugation-redispersion process were repeated four 
times before lyophilization at – 49 °C under 40 × 10 –3 mbar for 72 hours. The product 
was hygroscopic white powder. 
6.2.3.2.3 Synthesis of pNIPAm-PA 12 Microgels for Control Experiments.  
A 250 mL three-neck round-bottom flask equipped with N2 inlet and outlet, 
condenser, and thermometer was charged with 95 mL aqueous solution containing 2.159 
g (19 mmol) NIPAm (monomer) and 0.031 g (2 mmol) BIS (cross-linker) through 
syringe with a 0.8-μm filter. The reaction mixture was heated to 50 °C and bubbled with 
N2 for an hour before the addition of APS solution (0.023 g, 0.1 mmol, in 5 mL deionized 
water). After addition of APS, the copolymerization was allowed to proceed for 60 
minutes. The reaction mixture became turbid due to the formation of microgel particles. 
Then the temperature was set to ramp from 50 °C up to 65 °C with a ramp rate of 30 
°C/hr. After 60 minutes, a 5 mL acetone solution containing 0.110 g (1 mmol) PA was 
added via syringe with an in-line 0.8-μm filter. When the temperature of the reaction 
mixture stabilized at 65 °C, the copolymerization was allowed to proceed for 40 hours. 
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After copolymerization, the reaction mixture was filtered through glass fiber to remove 
large coagulum, followed by centrifugation at a RCF of 15,422 × g to separate residual 
monomers, soluble oligomers, and residual APS. After centrifugation, the supernatant 
was removed and the pellet was re-dispersed in fresh deionized water and allowed to 
shake for overnight. The centrifugation-redispersion process were repeated four times 
before lyophilization at –49 °C under 40 × 10 –3 mbar for 72 hours. The product was 
hygroscopic white powder. 
6.2.4 Click Reaction and EDC Coupling (Including Control Experiments) 
To test the orthogonality of Cu(I)-catalyzed azide-terminal alkyne click reaction 
to EDC coupling of carboxylic acid and amine groups, both azido-/alkynyl-containing 
fluorophore and amino-containing fluorophore was used to reacted with alkynyl-/azido- 
and carboxylic acid-containing microgels. It is expected that complementary clickable 
functional groups, azide and terminal alkyne, only cross-coupling with each other under 
catalysis of Cu(I) in aqueous phase at room temperature. Fluorophores, fluorescein and 
tetramethylrhodamine, was used to trace the reaction product: if green fluorescence was 
detected under blue light (450-490 nm) excitation, click reaction occurred between 
clickable fluoresceins and microgels with complementary clickable functionalities; if red 
fluorescence was detected under green light (510-560 nm) excitation, EDC coupling 
occurred between tetramethylrhodamine 5,6-carboxamide cadavarine (TMRC) with 
carboxyl-containing microgels. 
6.2.4.1 Materials 
Azido-containing cross-linked pNIPAm-AAc-AzHPMA 1 microgels, Alkynyl-
containing cross-linked pNIPAm-AAc-PA 2 microgels, 5-azidofluorescein (AzF 3), and 
fluorescein propargyl thiourea (FPTU 4) were synthesized and purified in our lab. 
Tetramethylrhodamine-5,6-carboxamide cadaverine (TMRC 5, Molecular Probes), 1-
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ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC, Sigma), sodium 
ascorbate (Sigma), copper(II) sulfate pentahydrate (CuSO4•5H2O, Aldrich) were used as 
received. 
6.2.4.2 Click Reaction and EDC Coupling 
6.2.4.2.1 Simultaneous Click Reaction and EDC Coupling 
A. Simultaneous click reaction and EDC coupling of multi-responsive clickable 
microgels, pNIPAm-AAc-AzHPMA 1 with FPTU 4 and TMRC 5, respectively 
Approximately 20 mg of microgel 1 solid powders, in which approximately 8 
µmol of azido and 15 µmol carboxylic acid groups presented based upon feed ratio, were 
dissolved in 10 mL de-ionized water. Then 2.0 mg sodium ascorbate (10 µmol) was 
dissolved in 2 mL de-ionized water, which was subsequently added into microgel 
dispersions. After that, 2.5 mL 0.01 mg/mL 4 solution (0.05 µmol) in water/ethanol 
(50:50) and 100 µL of 0.1mg/mL 5 (0.02 µmol) in DMF solution were added into 
microgel dispersions followed by adding 1.9 mg EDC (10 µmol) solid and 10 mL de-
ionized water. After N2 bubbling for 5 min, 50 µL 0.1 M CuSO4 (5 µmol) solution was 
added to initiate click reaction. The reaction was allowed to proceed at room temperature 
for 18 hours. The product mixture was centrifuged at a relative centrifugal force (RCF) of 
15,422 × g for 1 hr at 25 °C, followed by removal of supernatant, a 0.1 M sodium citrate 
buffer was added to chelate Cu(I) residue in the reaction mixture. After shaking overnight, 
the second centrifugation was performed at a RCF of 15,422 × g for 1 hr at 25 °C, 
followed by removal of supernatant; ethanol was added to remove residual free 4 and 5. 
After shaking overnight, the third centrifugation was performed at a RCF of 15,422 × g 
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for 1 hr at 25 °C, followed by removal of supernatant; de-ionized water was added to the 
pellet to form dilute microgel 6 dispersions.  
 
B. Simultaneous click reaction and EDC coupling of multi-responsive clickable 
microgels, pNIPAm-AAc-PA 2 with AzF 3 and TMRC 5, respectively.  
Approximately 20 mg of microgel 2 solid powders, in which approximately 8 
µmol of alkynyl and 15 µmol carboxylic acid groups presented based upon feed ratio, 
were dissolved in 10 mL de-ionized water. Then 2.0 mg sodium ascorbate (10 µmol) was 
dissolved in 2 mL de-ionized water, which was subsequently added into microgel 
dispersions. After that, 250 µL 0.04 mg/mL 3 solution (0.02 µmol) in water/ethanol 
(50:50) and 100 µL of 0.1 mg/mL 5 (0.02 µmol) in DMF solution were added into 
microgel dispersions followed by adding 1.9 mg EDC (10 µmol) solid and 10 mL de-
ionized water. After N2 bubbling for 5 min, 50 µL 0.1 M CuSO4 (5 µmol) solution was 
added to initiate click reaction. The reaction was allowed to proceed at room temperature 
for 18 hours. The product mixture was centrifuged at a relative centrifugal force (RCF) of 
15,422 × g for 1 hr at 25 °C, followed by removal of supernatant, a 0.1 M sodium citrate 
buffer was added to chelate Cu(I) residue in the reaction mixture. After shaking overnight, 
the second centrifugation was performed at a RCF of 15,422 × g for 1 hr at 25 °C, 
followed by removal of supernatant; ethanol was added to remove residual free 3 and 5. 
After shaking overnight, the third centrifugation was performed at a RCF of 15,422 × g 
for 1 hr at 25 °C, followed by removal of supernatant; de-ionized water was added to the 
pellet to form dilute microgel 7 dispersions.  
6.2.4.2.2 Two-Step Click Reaction and EDC Coupling 
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A. Click reaction between multi-responsive clickable microgels, azido-containing 
pNIPAm-AAc-AzHPMA 1, and alkynyl-containing fluorophore, FPTU 4, followed by 
EDC coupling between carboxyl-containing clicked microgels 8” and amino-containing 
fluorophore, TMRC 5.  
Approximately 20 mg of microgel 1 solid powders, in which approximately 8 
µmol of azido group presented based upon feed ratio, was dissolved in 10 mL de-ionized 
water. Then 2.0 mg sodium ascorbate (10 µmol) was dissolved in 2 mL de-ionized water, 
which was subsequently added into microgel dispersions. After that, 2.5 mL 0.01 mg/mL 
FPTU 4 solution (0.05 µmol) in water/ethanol (50:50) was added into microgel 
dispersions followed by N2 bubbling for 5 min. After N2 purge, 50 µL 0.1 M CuSO4 (5 
µmol) solution was added to initiate click reaction. The color of reaction mixture changed 
from yellow-greenish to brownish immediately after addition of CuSO4. The click 
reaction was allowed to proceed at room temperature for 18 hours. The product mixture 
was centrifuged at a relative centrifugal force (RCF) of 15,422 × g for 1 hr at 25 °C, 
followed by removal of supernatant, a 0.1 M sodium citrate buffer was added to chelate 
Cu(I) residue in the reaction mixture. After shaking overnight, the second centrifugation 
was performed at a RCF of 15,422 × g for 1 hr at 25 °C, followed by removal of 
supernatant; ethanol was added to remove residual free 4. After shaking overnight, the 
third centrifugation was performed at a RCF of 15,422 × g for 1 hr at 25 °C, followed by 
removal of supernatant; de-ionized water was added to the pellet to form dilute microgel 
8” dispersions. 
Approximately half of above formed clicked microgel 8” dispersions (10 mL), in 
which approximately 7.5 µmol of carboxylic acid group was presented, was used for 
EDC coupling. Then 50 µL of 0.1 mg/mL TMRC 5 (0.01 µmol) in DMF solution was 
added to microgel dispersions, followed by adding 1 mg EDC (5 µmol) solid and 5 mL 
de-ionized water. The EDC coupling reaction was allowed to proceed at room 
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temperature for 18 hours. After reaction, the reaction mixture was centrifuged at a 
relative centrifugal force (RCF) of 15,422 × g for 1 hr at 25 °C, followed by removal of 
supernatant; DMF was added to remove residual free 5. After shaking overnight, the 
second centrifugation was performed at a relative centrifugal force (RCF) of 15,422 × g 
for 1 hr at 25 °C, followed by removal of supernatant, de-ionized water was added to the 
pellet to form dilute microgel 8 dispersions. 
 
B. EDC coupling between multi-responsive carboxylic acid-containing clickable 
microgels, pNIPAm-AAc-AzHPMA 1, and amino-containing fluorophore, TMRC 5, 
followed by click reaction between azido-containing coupled microgels 8’ and alkynyl-
containing fluorophore, FPTU 4.  
Approximately 20 mg of microgel solid powders, in which approximately 15 
µmol of carboxylic acid group presented based upon feed ratio, was dissolved in 10 mL 
de-ionized water. Then 100 µL of 0.1 mg/mL TMRC 5 (0.02 µmol) in DMF solution was 
added to microgel dispersions, followed by adding 2 mg EDC (10 µmol) solid and 10 mL 
de-ionized water. The EDC coupling reaction was allowed to proceed at room 
temperature for 18 hours. After reaction, the reaction mixture was centrifuged at a 
relative centrifugal force (RCF) of 15,422 × g for 1 hr at 25 °C, followed by removal of 
supernatant; DMF was added to remove residual free 5. After shaking overnight, the 
second centrifugation was performed at a relative centrifugal force (RCF) of 15,422 × g 
for 1 hr at 25 °C, followed by removal of supernatant, de-ionized water was added to the 
pellet to form dilute microgel 8’ dispersions. 
Approximately half of above formed coupled microgel 8’ dispersions (10 mL), in 
which approximately 4 µmol of azido group was presented, was used for click reaction. 
Then 1.0 mg sodium ascorbate (5 µmol) was dissolved in 1 mL de-ionized water, which 
was subsequently added into microgel dispersions. After that, 1.25 mL 0.01 mg/mL 
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FPTU 4 solution (0.025 µmol) in water/ethanol (50:50) was added into microgel 
dispersions followed by N2 bubbling for 5 min. After N2 purge, 25 µL 0.1 M CuSO4 (2.5 
µmol) solution was added to initiate click reaction. The color of reaction mixture changed 
from yellow-greenish to brownish immediately after the addition of CuSO4. The click 
reaction was allowed to proceed at room temperature for 18 hours. The product mixture 
was centrifuged at a relative centrifugal force (RCF) of 15,422 × g for 1 hr at 25 °C, 
followed by removal of supernatant, a 0.1 M sodium citrate buffer was added to chelate 
Cu(I) residue in the reaction mixture. After shaking overnight, the second centrifugation 
was performed at a RCF of 15,422 × g for 1 hr at 25 °C, followed by removal of 
supernatant; ethanol was added to remove residual free 4. After shaking overnight, the 
third centrifugation was performed at a RCF of 15,422 × g for 1 hr at 25 °C, followed by 
removal of supernatant; de-ionized water was added to the pellet to form dilute microgel 
8 dispersions. 
 
C. Click reaction between multi-responsive alkynyl-containing clickable microgels, 
pNIPAm-AAc-PA 2, and azido-containing clickable fluorophore, AzF 3, followed by 
EDC coupling between carboxylic acid-containing clicked microgels 9” and amino-
containing fluorophore, TMRC 5.  
Approximately 20 mg of microgel 2 solid powders, in which approximately 8 
µmol of alkynyl group presented based upon feed ratio, was dissolved in 10 mL de-
ionized water. Then 2.0 mg sodium ascorbate (10 µmol) was dissolved in 2 mL de-
ionized water, which was subsequently added into microgel dispersions. After that, 250 
μL 0.04 mg/mL AzF 3 solution (0.02 µmol) in water/ethanol (50:50) was added into 
microgel dispersions followed by N2 bubbling for 5 min. After N2 purge, 50 µL 0.1 M 
CuSO4 (5 µmol) solution was added to initiate click reaction. The color of reaction 
mixture changed from yellow-greenish to brownish immediately after addition of CuSO4. 
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The click reaction was allowed to proceed at room temperature for 18 hours. The product 
mixture was centrifuged at a relative centrifugal force (RCF) of 15,422 × g for 1 hr at 25 
°C, followed by removal of supernatant, a 0.1 M sodium citrate buffer was added to 
chelate Cu(I) residue in the reaction mixture. After shaking overnight, the second 
centrifugation was performed at a RCF of 15,422 g for 1 hr at 25 °C, followed by 
removal of supernatant; ethanol was added to remove residual free 3. After shaking 
overnight, the third centrifugation was performed at a RCF of 15,422 × g for 1 hr at 25 
°C, followed by removal of supernatant; de-ionized water was added to the pellet to form 
dilute microgel 9” dispersions. 
Approximately half of above formed clicked microgel 9” dispersions (10 mL), in 
which approximately 7.5 µmol of carboxylic acid group was presented, was used for 
EDC coupling. Then 50 µL of 0.1 mg/mL TMRC 5 (0.01 µmol) in DMF solution was 
added to microgel dispersions, followed by adding 1 mg EDC (5 µmol) solid and 5 mL 
de-ionized water. The EDC coupling reaction was allowed to proceed at room 
temperature for 18 hours. After reaction, the reaction mixture was centrifuged at a 
relative centrifugal force (RCF) of 15,422 × g for 1 hr at 25 °C, followed by removal of 
supernatant; DMF was added to remove residual free 5. After shaking overnight, the 
second centrifugation was performed at a relative centrifugal force (RCF) of 15,422 × g 
for 1 hr at 25 °C, followed by removal of supernatant, de-ionized water was added to the 
pellet to form dilute microgel 9 dispersions. 
 
D. EDC coupling between multi-responsive carboxylic acid-containing clickable 
microgels, pNIPAm-AAc-PA 2, and amino-containing fluorophore, TMRC 5, followed 
by click reaction between alkynyl-containing coupled microgels and alkynyl-containing 
clickable fluorophore, AzF 3.  
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Approximately 20 mg of microgel solid powders, in which approximately 15 
µmol of carboxylic acid group presented based upon feed ratio, was dissolved in 10 mL 
de-ionized water. Then 100 µL of 0.1 mg/mL TMRC 5 (0.02 µmol) in DMF solution was 
added to microgel dispersions, followed by adding 2 mg EDC (10 µmol) solid and 10 mL 
de-ionized water. The EDC coupling reaction was allowed to proceed at room 
temperature for 18 hours. After reaction, the reaction mixture was centrifuged at a 
relative centrifugal force (RCF) of 15,422 × g for 1 hr at 25 °C, followed by removal of 
supernatant; DMF was added to remove residual free 5. After shaking overnight, the 
second centrifugation was performed at a relative centrifugal force (RCF) of 15,422 × g 
for 1 hr at 25 °C, followed by removal of supernatant, de-ionized water was added to the 
pellet to form dilute microgel 9’ dispersions. 
Approximately half of above formed coupled microgel 9’ dispersions (10 mL), in 
which approximately 4 µmol of alkynyl group was presented, was used for click reaction. 
Then 1.0 mg sodium ascorbate (5 µmol) was dissolved in 1 mL de-ionized water, which 
was subsequently added into microgel dispersions. After that, 125 μL 0.04 mg/mL AzF 3 
solution (0.01 µmol) in water/ethanol (50:50) was added into microgel dispersions 
followed by N2 bubbling for 5 min. After N2 purge, 25 µL 0.1 M CuSO4 (2.5 µmol) 
solution was added to initiate click reaction. The color of reaction mixture changed from 
yellow-greenish to brownish immediately after the addition of CuSO4. The click reaction 
was allowed to proceed at room temperature for 18 hours. The product mixture was 
centrifuged at a relative centrifugal force (RCF) of 15,422 × g for 1 hr at 25 °C, followed 
by removal of supernatant, a 0.1 M sodium citrate buffer was added to chelate Cu(I) 
residue in the reaction mixture. After shaking overnight, the second centrifugation was 
performed at a RCF of 15,422 × g for 1 hr at 25 °C, followed by removal of supernatant; 
ethanol was added to remove residual free 3. After shaking overnight, the third 
centrifugation was performed at a RCF of 15,422 × g for 1 hr at 25 °C, followed by 
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removal of supernatant; de-ionized water was added to the pellet to form dilute microgel 
dispersions. 
6.2.4.3 Control Experiments  
6.2.4.3.1 Orthogonality of Click Reaction to Carboxyl Groups on pNIPAm-AAc 10 
Microgels 
This series of control reaction is used to examine if carboxylic acid groups on 
pNIPAm-AAc 10 microgels react with azido- or alkynyl-containing fluorophores in the 
presence of Cu(I). 
I.A. Reaction of pNIPAm-AAc 10 with AzF 3 in the presence of Cu(I) 
Approximately 20 mg of microgel 10 solid powders, in which approximately 27 
µmol carboxylic acid groups presented based upon feed ratio, was dissolved in 10 mL 
deionized water. Then 2.0 mg sodium ascorbate (10 µmol) was dissolved in 2 mL de-
ionized water, which was subsequently added into microgel dispersions. After that, 1.0 
mL 0.04 mg/mL AzF 3 solution (0.12 µmol) in water/ethanol (50:50) solution were 
added into microgel dispersions followed by adding 50 µL 0.1 M CuSO4 (5 µmol) 
solution was added to initiate click reaction. The reaction was allowed to proceed at room 
temperature for 20 hours. The reaction mixture was dialyzed against deionized water for 
2 weeks with daily replenishment of water. 
I.B. Reaction of pNIPAm-AAc 10 with FPTU 4 in the presence of Cu(I) 
Approximately 20 mg of microgel 10 solid powders, in which approximately 27 
µmol carboxylic acid groups presented based upon feed ratio, was dissolved in 10 mL 
deionized water. Then 2.0 mg sodium ascorbate (10 µmol) was dissolved in 2 mL de-
ionized water, which was subsequently added into microgel dispersions. After that, 1.0 
mL 0.01 mg/mL FPTU 4 solution (0.03 µmol) in water/ethanol (50:50) solution were 
added into microgel dispersions followed by adding 50 µL 0.1 M CuSO4 (5 µmol) 
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solution was added to initiate click reaction. The reaction was allowed to proceed at room 
temperature for 20 hours. The purification protocol is the same as described above. 
6.2.4.3.2 Click Reaction between Alkynyl and/or Azido Groups 
This series of control reactions is used to examine the essential role of Cu(I) in 
click reaction between azido-containing fluorescein and alkynyl-containing microgels 
and vice versa. 
I.C. Reaction of pNIPAm-AzHPMA 11 with FPTU 4 without Cu(I)-catalysis 
Approximately 20 mg of microgel 11 solid powders, in which approximately 9.5 
µmol of alkynyl groups presented based upon feed ratio, was dissolved in 10 mL 
deionized water. Then 1 mL 0.01 mg/mL FPTU 4 solution (0.02 µmol) in water/ethanol 
(50:50) solution was added into microgel dispersions under magnetic stirring. The 
reaction was allowed to proceed at room temperature for 20 hours. The purification 
protocol is the same as described above. 
I.D. Reaction of pNIPAm-PA 12 with AzF 3 without Cu(I)-catalysis 
Approximately 20 mg of microgel 12 solid powders, in which approximately 8.8 
µmol of alkynyl groups presented based upon feed ratio, was dissolved in 10 mL 
deionized water. Then 250 μL 0.04 mg/mL AzF 3 solution (0.03 µmol) in water/ethanol 
(50:50) solution was added into microgel dispersions under magnetic stirring. The 
reaction was allowed to proceed at room temperature for 20 hours. The purification 
protocol is the same as described above. 
I.E. Reaction of pNIPAm-PA 12 with FPTU 4 in the presence of Cu(I)  
Approximately 20 mg of microgel 12 powder, in which approximately 8.8 µmol 
of alkynyl groups was present based upon the feed ratio, was dissolved in 10 mL 
deionized water. Then 2.0 mg sodium ascorbate (10 µmol) was dissolved in 2 mL 
deionized water, which was subsequently added into microgel dispersions. After that, 1.0 
mL 0.01 mg/mL solution of FPTU 4 (0.02 µmol) in water/ethanol (50:50) was added into 
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microgel dispersions followed by N2 bubbling for 5 min. After N2 purge, 50 µL 0.1 M 
CuSO4 (5 µmol) solution was added to initiate reaction. The reaction was allowed to 
proceed at room temperature for 20 hours. The purification protocol is the same as 
described above. 
I.F. Reaction of pNIPAm-AzPMA 11 with AzF 3 in the presence of Cu(I)  
Approximately 20 mg of microgel 11 powder, in which approximately 9.5 µmol 
of azido was present based upon the feed ratio, was dissolved in 10 mL deionized water. 
Then 2.0 mg sodium ascorbate (10 µmol) was dissolved in 2 mL deionized water, which 
was subsequently added into microgel dispersions. After that, 250 μL 0.04 mg/mL 
solution of AzF 3 (0.02 µmol) in water/ethanol (50:50) was added into the dispersion 
followed by N2 bubbling for 5 min. After N2 purge, 50 µL 0.1 M CuSO4 (5 µmol) 
solution was added to initiate click reaction. The reaction was allowed to proceed at room 
temperature for 20 hours. The purification protocol is the same as described above. 
6.2.4.3.3 Click Reaction between Alkynyl or Azido with Amino Functionalities 
I.G. Reaction of pNIPAm-PA 12 with TMRC 5 in the presence of Cu(I) 
Approximately 20 mg of microgel 12 powder, in which approximately 8.8 µmol 
of alkynyl groups was present based upon the feed ratio, was dissolved in 10 mL 
deionized water. Then 100 µL of 0.1 mg/mL solution of TMRC 5 (0.02 µmol) in DMF 
was added into the dispersion. After that, 2.0 mg sodium ascorbate (10 µmol) was 
dissolved in 2 mL deionized water, which was subsequently added into the dispersion 
followed by N2 bubbling for 5 min. After N2 purge, 50 µL 0.1 M CuSO4 (5 µmol) 
solution was added to initiate reaction. The reaction was allowed to proceed at room 
temperature for 20 hours. The purification protocol is the same as described above. 
I.H. Reaction of pNIPAm-AzPMA 11 with TMRC 5 under Cu(I) catalysis  
Approximately 20 mg of microgel 11 powder, in which approximately 9.5 µmol 
of azido was present based upon the feed ratio, was dissolved in 10 mL deionized water. 
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Then 100 µL of 0.1 mg/mL solution of TMRC 5 (0.02 µmol) in DMF was added into the 
dispersion. After that, 2.0 mg sodium ascorbate (10 µmol) was dissolved in 2 mL 
deionized water, which was subsequently added into the dispersion followed by N2 
bubbling for 5 min. After N2 purge, 50 µL 0.1 M CuSO4 (5 µmol) solution was added to 
initiate reaction. The reaction was allowed to proceed at room temperature for 20 hours. 
The purification protocol is the same as described above. 
6.2.4.3.4 Coupling of Carboxyl with Amino Groups without EDC 
II.A. Reaction of pNIPAm-AAc 10 with TMRC 5 without EDC  
Approximately 20 mg of microgel 10 powder, in which approximately 27 µmol 
carboxylic acid groups was present based upon the feed ratio, was dissolved in 10 mL 
deionized water. Then 100 µL of 0.1 mg/mL solution of TMRC 5 (0.02 µmol) in DMF 
was added into the dispersion under magnetic stirring. The reaction was allowed to 
proceed at room temperature for 20 hours. The purification protocol is the same as 
described above. 
6.2.4.3.5 Orthogonality of EDC Coupling to Clickable Functionalies on Microgels 
II.B. Orthogonality of EDC Coupling to Azidohydrin on pNIPAm-AzHPMA 11 
Microgels 
Approximately 20 mg of microgel 11 solid powders, in which approximately 9.5 
µmol of azido groups presented based upon feed ratio, was dissolved in 10 mL deionized 
water. Then 100 µL of 0.1 mg/mL TMRC 5 (0.02 µmol) in DMF solution were added 
into microgel dispersions followed by adding 1.9 mg EDC (10 µmol) solid. The reaction 
was allowed to proceed at room temperature for 20 hours. The purification protocol is the 
same as described above. 
II.C. Orthogonality of EDC Coupling to Alkynyl Groups on pNIPAm-PA 12 Microgels  
 165
Approximately 20 mg of microgel 12 solid powders, in which approximately 8.8 
µmol of alkynyl groups presented based upon feed ratio, was dissolved in 10 mL 
deionized water. Then 100 µL of 0.1 mg/mL TMRC 5 (0.02 µmol) in DMF solution were 
added into microgel dispersions followed by adding 1.9 mg EDC (10 µmol) solid. The 
reaction was allowed to proceed at room temperature for 20 hours. The purification 
protocol is the same as described above. 
6.2.5 Preparation of Amino-Functionalized Glass Substrates 
Glass microscope coverslips (25 × 25mm) were cleaned by sequential sonication 
in dilute Alconox solution, deionized water, acetone, absolute ethanol, isopropanol, and 
back in absolute ethanol. Then the slides were placed in a solution of 1% 3-
aminopropyltrimethoxysilane (APTMS) and absolute ethanol for 2 hours and stored in 
absolute ethanol for up to 5 days before use. Before deposition of particles, the coverslips 
were removed from ethanol and dried under nitrogen. 
6.2.6 Preparation of Microgel Dispersion Samples for Fluorescence and Optical 
Microscopy 
Approximately one drop of 0.1 wt% of microgels purified after click reaction 
and/or EDC coupling was dropped on a dry glass slide by plastic pipette. A gentle stream 
of N2 was used to spread the microgel drop over the surface of glass slide. The slide 
coated with wet microgel dispersions was allowed to dry overnight in a fume hood before 
microscopic observation. 
6.2.7 Epifluorescence Microscopy 
Both fluorescence and optical microscopies were conducted on an Olympus IX70 
inverted microscope equipped with a high numerical aperture, oil immersion 100 × 
objective (NA = 1.30). In fluorescence mode, the excitation irradiation was a mercury 
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lamp filtered by excitation band-pass filters of 450-490 nm (blue) or 510-560 nm (green). 
Images were captured using a color CCD camera (PixelFly, Cooke Corporation). 
6.3 Results and Discussion 
6.3.1 Clickable Fluorophores 
The alkynyl-containing fluorescein, fluorescein propargyl thiourea (FPTU 4), and 
azido-containing fluorescein, 5-azidofluorescein (AzF 3), are characterized by 
fluorometry and 1H-NMR. Fluorometry provide the excitation and emission spectrum of 
fluorophores, whereas 1H-NMR provides the structural information of fluorophores. 
6.3.1.1 Fluorescence Spectroscopy and 1H-NMR of Fluorescein Propargyl Thiourea 
(FPTU 4) 
FPTU 4 demonstrate the fluorescence spectrum in Figure 6.1 below. 
 
Figure 6.1 The excitation and emission spectrum of alkynyl-containing fluorophore, 
fluorescein propargyl thiourea (FPTU 4). The blue curve represents the excitation 
spectrum of FPTU if the emission wavelength was set at 520 nm, whereas the green 
curve represents the emission spectrum if the excitation wavelength was set at 492 nm. 
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The 1H-NMR spectroscopy of FPTU 4 is shown in Figure 6.2 below. 
 
Figure 6.2 The 1H-NMR spectroscopy of FPTU 4, the inset structure shows the protons 
corresponding to different chemical shifts.   
 
6.3.1.2 Fluorescence Spectroscopy and 1H-NMR of 5-Azidofluorescein (AzF 3) 
AzF give rise to the following fluorescence spectrum shown in Figure 6.3.  
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Figure 6.3 The excitation and emission spectrum of azido-containing fluorophore, 5-
azidofluorescein (AzF 3). The blue curve represents the excitation spectrum of AzF if the 
emission wavelength was set at 512 nm, whereas the green curve represents the emission 
spectrum if the excitation wavelength was set at 492 nm. 
 
The 1H-NMR spectroscopy of AzF is shown in Figure 6.4 below. 
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Figure 6.4 The 1H-NMR spectroscopy of AzF 3, the inset structure shows the protons 
corresponding to different chemical shifts.   
 
6.3.2 Clickable Multi-Responsive Microgels 
6.3.2.1 Photon Correlation Spectroscopy (PCS) 
Clickable multi-responsive azido-containing microgel, pNIPAm-AAc-AzHPMA 
1, and alkynyl-containing microgel, pNIPAm-AAc-PA 2, show both thermo- and pH-
responsivity. Both azido- and alkynyl-containing microgels have hydrodynamic diameter 
less than 2.5 μm in pH 3.0 buffer, thereby allowing the size characterization via PCS. 
6.3.2.1.1 Thermoresponsivity (LCST) 
The volume phase transitions of azido-containing and alkynyl-containing 
microgels, measured by temperature-programmed PCS are shown below. To minimize 
the convolution of electrostatic repulsion between polymeric chains and microgel 
particles, the pH 3.0 buffer was used for PCS measurement.  
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Figure 6.5 The hydrodynamic diameter of pNIPAm-AAc-AzHPMA 1 clickable microgel 
particles in pH 3.0 buffer (0.001 wt%) versus temperature. Note that crossover 30 ºC, 
particle size change drastically. Above 32 ºC, particles aggregate so that no scattering 
data available for the calculation of individual particles.  
 
 
Figure 6.6 The hydrodynamic diameter of pNIPAm-AAc-PA 2 clickable microgel 
particles in pH 3.0 buffer (0.001 wt%) versus temperature. Note that above 25ºC, particle 




The clickable pNIPAm-AAc-based microgel particles will form aggregate when 
temperature reaches some critical point. For azido-containing pNIPAm-AAc-AzHPMA 1 
microgel particles, the aggregation temperature is approximately 34 ºC (higher than 
LCST, ~30 ºC), whereas for alkynyl-containing pNIPAm-AAc-PA 2 microgel particles, 
the aggregation temperature is approximately 26 ºC (lower than hypothetical LCST). 
6.3.2.1.2 pH-Responsivity 
Both azido- and alkynyl-containing pNIPAm-AAc-based microgels show pH-
responsivity due to either osmotic pressure of charged ions and electrostatic repulsion 
between carboxylate groups at pH higher than pKa of AAc moieties or hydrogen bonding 
between amide and/or carboxylic acid groups at pH lower than pKa of AAc moieties. The 
pH-responsive hydrodynamic diameters of both azido- and alkynyl-containing microgels 
are shown below. 
 
Figure 6.7 The hydrodynamic diameter of pNIPAm-AAc-AzHPMA 1 clickable microgel 
particles in buffers with pH values from 3.0 up to 6.0 (0.001 wt%) at 20 ºC. Note that 




Figure 6.8 The hydrodynamic diameter of pNIPAm-AAc-PA 2 clickable microgel 
particles in buffers with pH values from 3.0 up to 6.0 (0.001 wt%) at 20 ºC. Note that 
crossover pH 4.5, particle size change drastically. 
 
6.3.2.2 Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) 
Spectroscopy 
ATR-FTIR spectroscopy was used to determine if azido and alkynyl functional 
groups exist presumably in azido-containing and alkynyl-containing pNIPAm-AAc-based 
polymeric solid powders. It is known that azido group shows a symmetric stretching 
vibration at approximately 2100 cm–1, whereas alkynyl group shows asymmetric 
stretching vibration at approximately 2160 cm–1. The following ATR-FTIR spectra 





Figure 6.9 The ATR-FTIR spectra of pNIPAm-AAc-AzHPMA 1 (red spectrum) and 
pNIPAm-AAc-PA 2 (purple spectrum) solid powder. Note the specific IR absorption 
peak was marked by corresponding functional groups. The IR absorption peaks at 2100 
cm–1 and 2160 cm–1 correspond to azido and alkynyl groups, respectively. 
 
6.3.3 Click Reaction and EDC Coupling 
The interference between click reaction and EDC coupling was examined by 
simultaneous click reaction of azido-containing pNIPAm-AAc-AzHPMA 1 microgels 
with alkynyl-containing fluorescein, FPTU 4 and EDC coupling of the above carboxy-
containing microgels with amino-containing tetramethyrhodamine, TMRC 5. Similarly, 
the simultaneous click reaction of alkynyl-containing pNIPAm-AAc-PA microgels 2 with 
azido-containing fluorescein, AzF 3 and EDC coupling of the above carboxy-containing 
microgels with amino-containing tetramethyrhodamine, TMRC 5. Based upon the 
fluorescence spectra of AzF, FPTU and TMRC, if AzF or FPTU is covalently bonded on 
microgels, we can observe the green fluorescence if excited at 450-490 nm, whereas if 
TMRC is covalently bonded on microgels, we can observe the red fluorescence if excited 
at 510-560 nm. To eliminate the non-specific absorbed fluorophores, ethanol and/or DMF, 
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which could dissolve both fluorophores, was used to wash the particles extensively. 
(Refer to Scheme 6.3 in Introduction, details are shown in the Experimental, Section 
6.2.4.2.1) After purification, microgel dispersions of 6 and 7 were dried on clean glass 
slides. The fluorescence microscopy images of microgels 6 and 7 are shown in Figure 
6.10; note that for microgel 6, excitation of 4 yields a somewhat yellow emission color, 
suggesting either simultaneous excitation of 5 or FRET is occurring in this case.  
Furthermore, the existence of EDC seems not to impare the catalytic capability of Cu(I) 
and vice versa. 
 
 
Figure 6.10 Fluorescence and transmission microscopic images of microgels after one-
pot simultaneous click reaction and EDC coupling of clickable microgels with 
fluorophores with complementary functionalities. Top row: Microscopy images of 
microgel 6. Bottom row: Microscopy images of microgel 7. Images in the left and central 
columns show fluorescence of the microgels excited by irradiation of 450-490 nm and 
510-560 nm, respectively. Transmission microscopy images are displayed in the right 
column. Scale bar = 5 µm 
 
As for two-step reactions containing click reaction and EDC coupling, the 
fluorescently labeled microgels produced in Steps 1 (8’, 8”, 9’, and 9”) and 2 (8 and 9), 
were purified for fluorescence microscopy. Similar purification protocols were used for 
microgels after ligation in each step. (Refer to Scheme 6.4 in Introduction, details are 
shown in Experimental, Section 6.2.4.2.2) After purification, microgel dispersions 8 and 
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9 were coated and dried on the cleaned glass slides. The fluorescence microscopy images 
of microgels 8 and 9 were shown in Figure 6.11. By comparing the fluorescence 
microscopy images of microgels after one-pot simultaneous ligation and two-step ligation, 
it is believed that the catalytic activity of Cu (I) are not significantly impaired by EDC 
and vice versa.51,52 Additionally, after coupling of TMRC 5, the fluorescence observed 
under blue irradiation (450-490 nm) changes from green to yellow, again suggesting 
either direct excitation of 5 at this wavelength, or that fluorescein-to-rhodamine FRET is 
occurring. Since the leftmost panels in columns 1 and 4 show some faint evidence of 
fluorescence, which is likely due to direct excitation of 5, it is likely that the strong 
yellow emission observed for 8 and 9 under blue excitation is due to a combination of 
direct excitation of 5 and FRET. As discussed above, these phenomena are currently 
being investigated in our group. 
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Figure 6.11 Fluorescence and transmission microscopic images of microgels after two-
step sequential click reaction and EDC coupling of clickable microgels with fluorophores 
with complementary functionalities. The top three rows show microscopy images of 
microgels obtained by either first EDC coupling of azide/carboxylic acid microgel 1 with 
amino-containing fluorophore 5 (8’, row 1) followed by clicking with alkynyl-containing 
fluorophore 4 (8, row 3), or first clicking with 4 (8”, row 2) followed by EDC coupling 
with 5 (not shown, similar to 8). The bottom three rows show microscopy images of 
microgels obtained by either first EDC coupling alkyne/carboxylic acid microgel 2 with 
amino-containing fluorophore 5 (9’, row 4) followed by clicking with azido-containing 
fluorophore 3 (9, row 6), or first clicking with 3 (9”, row 5) followed by EDC coupling 
with 5 (not shown, similar to 9). The left and middle columns are fluorescence 
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microscopy images obtained by the excitation of 450-490 and 510-560 nm, respectively. 
The right column contains brightfield transmission images. Scale bar = 5 µm 
6.3.4 Control Experiments 
To further illustrate the fidelity of these coupling reactions, control experiments 
were designed to examine the reactivity of azido/alkynyl groups with amino groups and 
the orthogonality of click reactions to EDC coupling. (Detailed experimental designs are 
documented in Section 6.2.4.3, Schemes 6.5 and 6.6) The epifluorescence microscopy 
images are shown in Figure 6.12. The control experiments confirmed that the click 
reaction is orthogonal to other functional groups such as hydroxyl, carboxyl and amino 
groups. However, some small amount of cross-reactivity is apparently observed during 
EDC coupling of microgel 11 (azidohydrin-modified) and fluorophore 5. (Control 
experiment II.B in Experiment, Section 6.2.4.3) It is likely that this arises from coupling 
between the alcohol on the azidohydrin and the carboxylic acid moiety53,54 on the 
fluorophore (tautomer55 of the lactone ring). The possible reaction between azidohydrin-
containing microgels 11 and amino-containing fluorophore 5 was shown in Scheme 6.8. 
Despite this slight complication, all other negative controls fail to produce coupled 
fluorophores, illustrating the robustness of the method for producing multifunctional 
microgels for orthogonal chemo-ligations.   
 
Scheme 6.8 The EDC coupling of azidohydrin-microgel 11 with tautomer of amino-




Figure 6.12 Microscopic images (both fluorescence and transmission mode) for all 




This chapter first describes the one-pot multi-stage synthesis of multi-responsive 
azido- or alkynyl-containing clickable microgels. Furthermore, this chapter describes the 
simultaneous and two-step click reaction between pNIPAm-AAc-based clickable 
microgels and complementary clickable fluorophores and EDC coupling between 
carboxy-containing pNIPAm-AAc-based microgels and amine-containing fluorophores. 
It’s believed that the click reaction and EDC coupling are orthogonal to each other when 
conducted simultaneously. However, EDC was found to couple carboxy-containing 
tautomer of fluorophore, tetramethylrhodamine-5,6-carboxamide cadaverine, and 
azidohydrin-containing microgel particles. A wide range of control experiments illustrate 
the excellent specificity of the coupling reactions, suggesting that such particles may be 
useful for synthesis of bioconjugates not typically attainable using reactions that rely 
exclusively on biologically prevalent functional groups. 
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IDL ROUTINES FOR PARTICLE TRACKING 
 
 A.1 Batch File for Particle Tracking 
The following batch processing file in IDL environment was written by Professor 
Victor Breedveld at the Department of Chemical and Biomolecular Engineering in 
Georgia Institute of Technology, and I use this IDL routine for particle tracking of all of 
the data I obtained through video microscopy on Olympus IX71. The resultant data 
include particle position file, “_p.gdf”, particle trajectory file, “_trm.gdf”, and mean 
square displacement file, “_rrm.txt”, all of which were used to analyze the dynamics and 




;batchLyon_IDL56.pro by VB, Oct 2003 
;Batch file for particle tracking 
 
;OUTPUT files 
;- '*_par.dat': list of parameters used for image anlysis 
;- '*_p.gdf': list of particle positions 
;- '*_t.gdf': list of particle trajectories 
;- '*_trm.gdf': list of particle trajectories after removing average motion 
;- '*_r.gdf': mean squared displacement 




;***** CHANGE PARAMETERS BELOW ***** 
;*********************************** 
;***** DEFINE FILE ***************** 
;*********************************** 
dirname='Drive:\Folder\';***PUT '\' AT END!!! 
samplename='Current File Name_' 
savename='Saved File Name' 
mpp=0.1000  ;*** micron per pixel 
Dt=0.033    ;*** timeinterval between frame 
;***** IMAGE ANALYSIS ***** 





;*** particle selection *** 
emin=0      ;*** minimum elongation 
emax=0.20   ;*** maximum elongation 
minsize=10  ;*** minimum size 
maxsize=40  ;*** maximum size 
;***** TRACKING PARAMETERS ***** 
maxdisp=3   ;*** Maximum displacement of particle from frame to frame [pixels] 
mem=1       ;*** length of interval over which particles must be invisible to be 
dropped [# images] 
minlen=10   ;*** minimum length of trajectory to be kept [# images] 
maxtime_msd=15 ;*** maximum lag time for MSD plot 
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;*** WARNING!!!! Do not set too high; program might crash 
Nmin=10 
;*** minimum number of points in the statistical MSD averages 
;************************************* 





window,0,xsize=658,ysize=496, title = 'Original/BPASS image' 
flickscl,a,b,/scale 
f=feature(b,feat,masscut=mcut) 
window,2, xsize = 500, ysize = 350, xpos = 0, ypos = 0, title = 'Elongation Image 
#1' 
window,3, xsize = 500, ysize = 350, xpos = 510, ypos = 0, title = 'Brightness 
Image #1' 
window,4, xsize = 500, ysize = 350, xpos = 0, ypos = 370, title = 'Average 
Brightness Image #1' 
device,decomposed=1 
wset,2 & plot,f(3,*),f(4,*), psym=3, xtitle='Size [pix]', ytitle='Elongation' 
wset,3 & plot,f(3,*),f(2,*), psym=3, xtitle='Size [pix]', ytitle='Brightness' 









window,0,xsize=658,ysize=496, title = 'Features before/after ECLIP' 
flickscl,xf,xf2,/scale 
window,0,xsize=658,ysize=496, title = 'Features after ECLIP' 
flickscl,a,xf2,/scale 
 
void = dialog_message('Parameter settings OK to proceed with full analysis?', 
/quest,title='batchLyon.pro') 
if (void eq 'Yes') then begin 
  ;***** WRITE PARAMETERS TO FILE ****** 
  OPENW,1, dirname+savename+'_par.dat' 
  PRINTF,1, 'General Parameters' 
  printf,1,mpp,Dt 
  printf,1,'Image Analysis Parameters' 
  printf,1,bpmin,bpmax,feat,mcut,emin,emax,minsize,maxsize 
  printf,1,'Tracking Parameters' 
  printf,1,maxdisp,mem,minlen,maxtime_msd,Nmin 
  CLOSE,1 
  ;************************************* 
  void = dialog_message('TIFF_PRETRACK needed?',/quest,title='batchLyon.pro') 
  if (void eq 'Yes') then begin 
    bio_pretrack,dirname,samplename+'*.tif',[bpmin,bpmax,feat,mcut],/quiet 
    cutcat_vb,samplename+'*',savename,dir=dirname 
    FileN = findfile(dirname+'xys.*') 
    file_delete,FileN 
  endif 
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  x=read_gdf(dirname+'cat.'+savename) 
  x(5,*)=x(5,*)/1000. 
  x=eclip(x,[4,emin,emax]) 
  x=eclip(x,[3,minsize,maxsize]) 
  count=n_elements(uniq(x(5,*))) 
  ave_n=n_elements(x(0,*))/count 
  print,'Average Number of Particles: ' + strcompress(ave_n) 
  device,decomposed=1 
  window,2, xsize = 450, ysize = 400, xpos = 0, ypos = 0, title = 'Histogram X 
mod 1' 
  window,3, xsize = 450, ysize = 400, xpos = 460, ypos = 0, title = 'Histogram Y 
mod 1' 
  wset,2 & plot_hist,x(0,*) mod 1 
  wset,3 & plot_hist,x(1,*) mod 1 
  wait,10 
 
  ;**** Write particle positions to file **** 
  write_gdf,x,dirname+savename+'_p.gdf' 
  ;**** Find and save tracks **** 
  t=track(x,maxdisp,memory=mem,goodenough=minlen) 
  mot = motion(t,dim=2) 
  trm=rm_motion(t,mot,dim=2,smooth=50) 
  ;write_gdf,t,dirname+savename+'_t.gdf' 
  write_gdf,trm,dirname+savename+'_trm.gdf' 
  ;**** Calculate and save MSD **** 
  mt=maxtime_msd 
  ;if (mt ge 10.0) then mt=10 
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  r=msd_vb(t,maxtime=mt,micperpix=mpp,timestep=Dt,erode=2) 
  w=where(r(6,*) gt Nmin) 
  r=r(*,w) 
  rrm=msd_vb(trm,maxtime=mt,micperpix=mpp,timestep=Dt,erode=2) 
  w=where(rrm(6,*) gt Nmin) 
  rrm=rrm(*,w) 
  ;write_gdf,r,dirname+savename+'_r.gdf' 
  ;write_text,r,dirname+savename+'_r.txt' 
  ;write_gdf,rrm,dirname+savename+'_rrm.gdf' 
  write_text,rrm,dirname+savename+'_rrm.txt' 
  ;**** Plot overlay **** 
  device,decomposed=0 
  window,0,xsize=658,ysize=496, title = 'All trajectories' 
  plottr,t,res,/tv,goodenough=minlen,x=658,y=496 
  ;flickscl,res,res 
  ;window,0,xsize=658,ysize=496, title = 'All trajectories on Image #1' 
  ;tot=overlay_traj(a,res) 
  ;flickscl,tot,tot,/scale 
  ;**** Plot MSD graphs **** 
  ;device,decomposed=1 
  ;window,1, xsize = 450, ysize = 400, xpos = 0, ypos = 0, title = 'MSD before 
rm_motion' 
  ;window,2, xsize = 450, ysize = 400, xpos = 460, ypos = 0, title = 'MSD after 
rm_motion' 
  ;wset,1 
  ;plot,r(0,*),r(5,*),/xlog,/ylog,xtitle='lag time [s]',ytitle='MSD [um^2]',psym=4 
  ;oplot,r(0,*),r(3,*),psym=5 
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  ;oplot,r(0,*),r(4,*),psym=6 
  ;wset,2 
  ;plot,rrm(0,*),rrm(5,*),/xlog,/ylog,xtitle='lag time [s]',ytitle='MSD 
[um^2]',psym=4 
  ;oplot,rrm(0,*),rrm(3,*),psym=5 
  ;oplot,rrm(0,*),rrm(4,*),psym=6 
endif 
;*** END OF PROGRAM ****** 
end 
A.2 Using “_p.gdf” File to Derive Radial Distribution Function 
The batch file in A.1 could generate a particle position file with the format of 
“_p.gdf”, which could therefore be used to derive radial distribution function g(r) using 







b=ericgr2d(a, rmin=0.0, rmax=100.0, deltar=1) 
write_text, b, dirname+samplename+'_1_g2.txt' 





The IDL routine “ericgr2d” was written by Professor Eric Weeks at Department 
of Physics in Emory University, adopted by Jae Kyu Cho at Department of Chemical and 
Biomolecular Engineering at Georgia Institute of Technology.  
A.3 Using “_trm.gdf” to Generate Particle Trajectory Images 
The batch file in A.1 could generate a particle position file with the format of 
“_trm.gdf”, which could therefore be used to generate particle trajectory images using the 













This batch file is revised by Zhiyong Meng, adopted from the routine originally 
written by Jae Kyu Cho. 
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APPENDIX B  
MULTI-FUNCTIONAL FILM COMPOSED OF  
CLICKABLE MICROGELS 
B.1 Introduction 
Microgel films are first made by organic1 or aqueous2 microgel dispersions used 
for paints and coating technology.3-7 Specifically, Langmuir-Blodgett films could be 
prepared by various microgels.8-10 However, all the aforementioned films are not stimuli-
responsive. To enhance the environmental responsivity, thin films made of stimuli-
responsive microgels, especially thermoresponsive poly(N-isopropylacrylamide) 
(pNIPAm) microgels, were developed recently. The first stimuli-responsive microgel 
film was prepared by photo-initiated cross-linking of pNIPAm microgels with NIPAm 
and N,N’-methylenebisacrylamide (BIS) on vinyl-functionalized glass slides.11 Thus 
formed “plum-pudding gels” were used for drug delivery, in which two different 
microgel populations were employed to release two distinct drugs.12 However, the 
photopolymerization process of matrix-embedded microgels is quite time-consuming. 
Layer-by-layer (LbL) technique was then developed to improve the efficacy and 
robustness of fabrication process. Electrostatic interaction is the obvious option for LbL 
assembly of polyelectrolyte microgels.13 With a polycation, polyallylamine hydrochloride, 
as a glue, anionic poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-AAc) 
microgels were assembled on the amino-functionalized glass slides via a LbL approach.14 
Due to its pH-dependent swelling-deswelling  behavior,15 pNIPAm-AAc microgel films 
were used for controlled protein16,17 and drug18 release. Furthermore, by incorporating 
poly(ethylene glycol) (PEG)-diacrylate as cross-linker into pNIPAm microgels, the non-
specific protein and/or cell binding problem of pNIPAm microgel LbL thin films was 
minimized.19 In addition to electrostatic attraction, hydrogen bonding is another force to 
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form microgel thin films form polar but neutral polymeric microgels via LbL approach.20 
LbL technique allows the control of thickness of microgel assemblies by counting the 
total number of layers. Furthermore, other conventional approaches, such as solvent 
evaporation,21 spin coating,22 and electrochemical deposition,23 could also be used for the 
preparation of microgel thin films. Some of microgel thin films are at least partially 
crystalline due to the self-assembly of microgels on the substrate, which demonstrates the 
iridescence.21,24 On the other hand, microgels formed on the glass substrate also act as 
microlense arrays, which could be used as biosensors.25,26 For more details, the readers 
are referred to some excellent reviews covering the nanostructure materials made of 
microgels via self-assembly.27-29 All the above thin-film fabrication techniques are 
actually passive adsorption of microgel particles on the substrates. 
Recently, our group has developed an active deposition approach for microgel 
thin film fabrication, which involves the centrifugation of microgel dispersions onto an 
amino-functionalized glass slides with or without EDC coupling. Furthermore, 
“clickable” microgel particles and “clickable” fluorophores equipped with azido or 
alkynyl groups were synthesized in our group. (Chapter 6) If the clickable fluorophores, 
which click with microgels with complementary functionalities, emit different fluorescent 
light, we could visualize the distribution of microgels with different clickable 
functionalities via epifluorescence microscopy. Therefore, it is possible to use fluorescent 
dyes to demonstrate the functionalities of microgels adsorbed on glass substrate. In this 
section, the multi-functional thin films prepared by centrifugation of clickable microgels 
will be presented, and the click reaction will be employed to demonstrate multi-




The “clickable” fluorescent dyes, 5-azidofluorescine (AzF) and 5/6-propargyl 
tetramethylrhodamine carboxamide (PTMRC), were prepared in our laboratory, whereas 
the amino-containing fluorophore, lucifer yellow cadaverine (LYC, Invitrogen) was used 
as received. The “clickable” carboxyl-containing microgels, pNIPAm-AAc-AzMPA and 
pNIPAm-AAc-PA, were prepared in our laboratory as well. Sodium ascorbate (Sigma), 
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC, Sigma), 5/6-
carboxyltetramethylrhodamine (CTMRA, AnaSpec), N-hydroxysuccinimide (NHS, 
Aldrich), propargylamine (PAm, Acros), 3-aminopropyltrimethoxysilane(APTMS), pure 
ethanol(EtOH, EMD), and copper(II) sulfate pentahydrate (CuSO4•5H2O, Aldrich) were 
used as received. MES pH 6.0 buffer was prepared for NHS-enhanced EDC coupling 
reaction.  
B.2.2 Preparation of pNIPAm-AAc Microgels with/without Clickable 
Functionalities 
The preparation of clickable pNIPAm-AAc-based microgels is referred to Chapter 
6, Section 6.2.2, whereas the preparation of pNIPAm-AAc microgels is referred to 
Chapter 2. 
B.2.3 Preparation of Clickable Fluorophores 
The preparation of 5-azidofluorescein (AzF) is referred to Chapter 6, Section 
6.2.1.2.2. The preparation of 5/6-propargyl tetramethylrhodamine carboxamide (PTMRC) 
from 5/6-carboxyl tetramethylrhodamine (CTMRA) and propargylamine (PAm) 
catalyzed by NHS and EDC is described as follows. Approximately 10.5 mg (19.8 mmol) 
of CTMRA and 13.6 mg (197.5 mmol) of PAm were dissolved in a 10 mL MES pH 6.0 
buffer within an amber vial. Then 53.3 mg (278 μmol) of EDC and 5.6 mg (48.7 μmol) of 
NHS were added into reaction mixture. The reaction was allowed to proceed at room 
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temperature under magnetic stirring for 20 hours. After reaction, the reaction mixture was 
lyophilized at –49 ºC under 40 × 10–3 mbar for 48 hours. The freeze-dried crude product 
was then dissolved in DMF, which was purified via column chromatographic purification 
with acetone/MeOH (60/40, v/v) as mobile phase and silica gel (Natland, 100-200 mesh) 
as stationary phase. The purified product solution was allowed to dry in vacuum oven at 
room temperature under 30 torr for over 72 hours. The product is dark-red solid powder. 
All microgels and fluorophores used in Appendix B are shown in Chart B.1. 
 
Chart B.1 The chemical structure of microgels forming multi-functional films and 
fluorophores reacting with functional microgels 
B.2.4 Preparation of Amino-Functionalized Glass Substrates 
The preparation of amino-functionalized glass substrate is referred to Chapter 6, 
Section 6.2.5. Note for active deposition of microgel particles via centrifugation, 22 × 22 
mm glass slides are supposed to be used. 
B.2.5 Preparation of Multi-Functional Films via Centrifugation 
Add appropriate amount (shown later in Results and Discussion) of 0.1 wt% 
microgel dispersions in the 6-well cell culture plate (Greiner-BioOne CellStar®), 
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followed by add appropriate amount (shown later in Preliminary Results and Discussion) 
of pH 5.0 buffer. The 22 × 22 mm amino-functionalized glass slides were put in the 
microgel dispersions (0.01 wt% in pH 5.0 buffer) and then centrifuged under 2,250 × g 
for 15 min at 25 ºC. After shaking with EDC and NHS in water for overnight, the Multi-
functional films are ready for click reaction and EDC coupling. 
B.2.6 Reaction of Multi-Functional Films with Fluorescent Dyes 
B.2.6.1 Reaction of Multi-Functional Films made of One Type of Microgels with 
Fluorophores with Complementary Functionalities 
The reaction of multi-functional films made of pNIPAm-AAc-AzPMA, or 
pNIPAm-AAc-PA, or pNIPAm-AAc with fluorophores containing complementary 




Scheme B.1 Reaction of multi-functional films composed of one type of microgels with 
fluorescent dyes with complementary functionalities. The left and central columns 
demonstrate Cu(I)-catalyzed reaction of pNIPAm-AAc-AzPMA 1 microgels and 
pNIPAm-AAc-PA 2 microgels with PTMRC 13 and AzF 3, respectively, whereas the 
right column demonstrates EDC coupling between pNIPAm-AAc microgels 10 and LYC 
14. The resulting images are shown in Table 1, row 1, 2 and 3. Note the slabs tethered 
with amino groups on the top are amino-functionalized glass slides. 
 
B.2.6.1.1 Cu(I)-Catalyzed Click Reaction of pNIPAm-AAc-AzPMA 1 microgels with 
PTMRC 13. 
Approximately 3.6 mL of pH 5.0 acetate buffer and 0.4 mL of 0.1 wt% of 
pNIPAm-AAc-AzPMA 1 microgel dispersions was delivered into one well of  6-well cell 
culture plate (Greiner-BioOne CellStar®) followed by swirling to homogenize the diluted 
0.01 wt% microgel 1 dispersions. Then a clean amino-functionalized 22 × 22 mm glass 
slide was introduced into the bottom of that well. After centrifugation with a RCF of 2, 
250 × g for 15 minutes at 25 ºC, the glass slide covered by microgels 1 was then transfer 
to a clean well containing 2.5 mL of fresh pH 5.0 acetate buffer in the culture plate. Then 
1 mg (5.22 μmol) of EDC solid and 0.316 mg (2.75 μmol) of NHS solid was added into 
the buffer followed by shaking overnight. The EDC coupling between carboxyl groups 
on microgels 1 and amino groups on glass substrate built up the covalent bonds between 
microgels 1 and glass substrate. After EDC coupling, the glass slide covalently bound 
with microgels 1 was then transferred to another clean well containing 2.5 mL of fresh 
pH 5.0 buffer in the culture plate. Approximately 10 μL of 0.01 M PTMRC 13 aqueous 
solution and 0.457 mg (2.31 μmol) of sodium ascorbate powder was delivered to the 
buffer. After N2 bubbling for 5 minutes, 50 μL of 0.1 mM CuSO4 aqueous solution was 
delivered to the buffer to initiate click reaction of azido-containing pNIPAm-AAc-
AzPMA 1 microgels (covalently binding on glass substrate) with alkynyl-containing 
PTMRC 13. The reaction mixture became yellow-brownish approximately 10 minutes 
after starting reaction. The reaction was allowed to proceed for 18 hours. After click 
 200
reaction, the reaction mixture became clear again, and the glass substrate covered with 
microgels 15’ was rinsed thoroughly by deionized water before transferring to clean well 
containing deionized water. After dried by N2 blow, the glass slide covered with 
microgels 15’ is ready for epifluorescence microscopy. 
B.2.6.1.2 Cu(I)-Catalyzed Click Reaction of pNIPAm-AAc-PA 2 Microgels with AzF 3. 
Approximately 3.6 mL of pH 5.0 acetate buffer and 0.4 mL of 0.1 wt% of 
pNIPAm-AAc-PA 2 microgel dispersions was delivered into one well of  6-well cell 
culture plate (Greiner-BioOne CellStar®) followed by swirling to homogenize the diluted 
0.01 wt% microgel 2 dispersions. Then a clean amino-functionalized 22 × 22 mm glass 
slide was introduced into the bottom of that well. After centrifugation with a RCF of 2, 
250 × g for 15 minutes at 25 ºC, the glass slide covered by microgels 2 was then transfer 
to a clean well containing 2.5 mL of fresh pH 5.0 acetate buffer in the culture plate. Then 
1 mg (5.22 μmol) of EDC solid and 0.316 mg (2.75 μmol) of NHS solid was added into 
the buffer followed by shaking overnight. The EDC coupling between carboxyl groups 
on microgels 2 and amino groups on glass substrate built up the covalent bonds between 
microgels 2 and glass slide. After EDC coupling, the glass slide covalently bound with 
microgels 2 was then transferred to another clean well containing 2.5 mL of fresh pH 5.0 
buffer in the culture plate. Approximately 10 μL of 0.11 mM AzF 3 aqueous solution and 
0.457 mg (2.31 μmol) of sodium ascorbate powder was delivered to the buffer. After N2 
bubbling for 5 minutes, 50 μL of 0.1 M CuSO4 aqueous solution was delivered to the 
buffer to initiate click reaction of alkynyl-containing pNIPAm-AAc-PA 2 microgels 
(covalently binding on glass substrate) with azido-containing AzF 3. The reaction 
mixture became brownish approximately 10 minutes after starting reaction. The reaction 
was allowed to proceed for 18 hours. After click reaction, the reaction mixture became 
slightly blue, and the glass substrate covered with microgels 16’ was rinsed thoroughly 
by deionized water before transferring to clean well containing deionized water. After 
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dried by N2 blow, the glass slide covered with microgels 16’ is ready for fluorescence 
microscopy. 
B.2.6.1.3 EDC Coupling of pNIPAm-AAc 10 Microgels with LYC 14 
Approximately 3.6 mL of pH 5.0 acetate buffer and 0.4 mL of 0.1 wt% of 
pNIPAm-AAc 10 microgel dispersions was delivered into one well of  6-well cell culture 
plate (Greiner-BioOne CellStar®) followed by swirling to homogenize the diluted 0.01 
wt% microgel 10 dispersions. Then a clean amino-functionalized 22 × 22 mm glass slide 
was introduced into the bottom of that well. After centrifugation with a RCF of 2, 250 × g 
for 15 minutes at 25 ºC, the glass slide covered by microgels 10 was then transfer to a 
clean well containing 2.5 mL of fresh pH 5.0 acetate buffer in the culture plate. Then 1 
mg (5.22 μmol) of EDC solid and 0.316 mg (2.75 μmol) of NHS solid was added into the 
buffer followed by shaking overnight. The EDC coupling between carboxyl groups on 
microgels 10 and amino groups on glass substrate built up the covalent bonds between 
microgels 10 and glass slide. After EDC coupling, the glass slide covalently bound with 
microgels 1 was then transferred to another clean well containing 2.5 mL of fresh pH 5.0 
buffer in the culture plate. Approximately 10 μL of 0.29 mM YLC 14 aqueous solution 
and 1 mg (5.22 μmol) of EDC solid and 0.316 mg (2.75 μmol) of NHS solid was 
delivered to the buffer to initiate EDC coupling of carboxyl-containing pNIPAm-AAc 10 
microgels (covalently binding on glass substrate) with amino-containing YLC 14. The 
reaction was allowed to proceed for 18 hours. After EDC coupling, the glass substrate 
covered with microgels 17’ was rinsed thoroughly by deionized water before transferring 
to clean well containing deionized water. After dried by N2 blow, the glass slide covered 
with microgels 17’ is ready for fluorescence microscopy. 
B.2.6.2 Reaction of Multi-Functional Films made of Multiple Types of Microgels with 
Multiple Fluorophores 
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The reaction of multi-functional films made of pNIPAm-AAc-AzPMA, and/or 
pNIPAm-AAc-PA, and/or pNIPAm-AAc with fluorophores containing complementary 
functionalities are shown in Scheme B.2. Due to the possible click reaction between 
clickable fluorophores, the ligations of clickable fluorophores on clickable microgels 
have to be performed sequentially. 
 
Scheme B.2 The multi-step sequential reactions of multi-functional films composed of 
two or three types of functional microgels with fluorescent dyes with complementary 
functionalities. The left, central and right columns represent glass slides covered by 
microgels 1 + 2 + 10, 1 + 2, and 2 + 10, respectively. After centrifugation, EDC coupling 
between carboxyl groups on all microgels and amino groups on glass substrates are 
performed. Then steps 2, 3, and 4 demonstrate microgels undergo EDC coupling with 
amino-containing LYC, Cu(I)-catalyzed click with azido-containing AzF, and Cu(I)-
catalyzed click with alkynyl-containing PTMRC sequentially. 
B.2.6.2.1 Sequential Reactions of Multi-Functional Films of pNIPAm-AAc-AzPMA 1, 
pNIPAm-AAc-PA 2, and pNIPAm-AAc 10 microgels with LYC 14, AzF 3, and PTMRC 13 
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Approximately 2.8 mL of pH 5.0 acetate buffer, 0.4 mL of 0.1 wt% of pNIPAm-
AAc-AzPMA 1 microgel, 0.4 mL of 0.1 wt% of pNIPAm-AAc-PA 2 microgel, and 0.4 
mL of 0.1 wt% of pNIPAm-AAc 10 microgel dispersions was delivered into one well of 
6-well cell culture plate (Greiner-BioOne CellStar®) followed by swirling to homogenize 
the diluted 0.01 wt% microgel dispersions. Then a clean amino-functionalized 22 × 22 
mm glass slide was introduced into the bottom of that well. After centrifugation with a 
RCF of 2, 250 × g for 15 minutes at 25 ºC, the glass slide covered by microgels 1, 2 and 
10 was then transfer to a clean well containing 2.5 mL of fresh pH 5.0 acetate buffer in 
the culture plate. Then 1 mg (5.22 μmol) of EDC solid and 0.316 mg (2.75 μmol) of NHS 
solid was added into the buffer followed by shaking overnight. The EDC coupling 
between carboxyl groups on microgels 1, 2 and 10 and amino groups on glass substrate 
built up the covalent bonds between microgels 1, 2 and 10 and glass slide. After EDC 
coupling, the glass slide covalently bound with microgels 1, 2 and 10 was then 
transferred to another clean well containing 2.5 mL of fresh pH 5.0 buffer in the culture 
plate. Approximately 10 μL of 0.29 mM YLC 14 aqueous solution and 1 mg (5.22 μmol) 
of EDC solid and 0.316 mg (2.75 μmol) of NHS solid was delivered to the buffer to 
initiate EDC coupling of carboxyl-containing microgels 1, 2 and 10 (covalently binding 
on glass substrate) with amino-containing YLC 14. The reaction was allowed to proceed 
for 18 hours. After EDC coupling, the glass substrate covered with microgels 18’, 19’ 
and 17’ was rinsed thoroughly by deionized water before transferring to clean well 
containing 2.5 mL of fresh pH 5.0 buffer in the culture plate. Then approximately 10 μL 
of 0.11 mM AzF 3 aqueous solution and 0.457 mg (2.31 μmol) of sodium ascorbate 
powder was delivered to the buffer. After N2 bubbling for 5 minutes, 50 μL of 0.1 M 
CuSO4 aqueous solution was delivered to the buffer to initiate click reaction of alkynyl-
containing microgels 19’ (covalently binding on glass substrate) with azido-containing 
AzF 3. The reaction mixture became brownish approximately 10 minutes after starting 
reaction. The reaction was allowed to proceed for 18 hours. After the first click reaction, 
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the reaction mixture became slightly blue, and the glass substrate covered with microgels 
18’, 19 and 17’was rinsed thoroughly by deionized water before transferring to clean well 
containing 2.5 mL of fresh pH 5.0 buffer in the culture plate. Approximately 10 μL of 
0.01 M PTMRC 13 aqueous solution and 0.457 mg (2.31 μmol) of sodium ascorbate 
powder was delivered to the buffer. After N2 bubbling for 5 minutes, 50 μL of 0.1 mM 
CuSO4 aqueous solution was delivered to the buffer to initiate click reaction of azido-
containing microgels 18’ (covalently binding on glass substrate) with alkynyl-containing 
PTMRC 13. The reaction mixture became yellow-brownish approximately 10 minutes 
after starting reaction. The reaction was allowed to proceed for 18 hours. After the second 
click reaction, the reaction mixture became clear again, and the glass substrate covered 
with microgels 18, 19 and 17’ was rinsed thoroughly by deionized water before 
transferring to clean well containing deionized water. After dried by N2 blow, the glass 
slide covalently bonding with microgels 18, 19 and 17’ is ready for fluorescence 
microscopy. 
B.2.6.2.2 Sequential Reactions of Multi-Functional Films of pNIPAm-AAc-AzPMA 1 and 
pNIPAm-AAc-PA 2 with LYC 14, PTMRC 13, and AzF 3 
Approximately 3.2 mL of pH 5.0 acetate buffer, 0.4 mL of 0.1 wt% of pNIPAm-
AAc-AzPMA 1 microgel and 0.4 mL of 0.1 wt% of pNIPAm-AAc-PA 2 microgel 
dispersions was delivered into one well of 6-well cell culture plate (Greiner-BioOne 
CellStar®) followed by swirling to homogenize the diluted 0.01 wt% microgel 1 and 2 
dispersions. Then a clean amino-functionalized 22 × 22 mm glass slide was introduced 
into the bottom of that well. After centrifugation with a RCF of 2, 250 × g for 15 minutes 
at 25 ºC, the glass slide covered by microgels 1 and 2 was then transfer to a clean well 
containing 2.5 mL of fresh pH 5.0 acetate buffer in the culture plate. Then 1 mg (5.22 
μmol) of EDC solid and 0.316 mg (2.75 μmol) of NHS solid was added into the buffer 
followed by shaking overnight. The EDC coupling between carboxy groups on microgels 
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1 and 2 and amino groups on glass substrate built up the covalent bonds between 
microgels 1 and 2 and glass slide. After EDC coupling, the glass slide covalently bound 
with microgels 1 and 2 was then transferred to another clean well containing 2.5 mL of 
fresh pH 5.0 buffer in the culture plate. Approximately 10 μL of 0.29 mM YLC 14 
aqueous solution and 1 mg (5.22 μmol) of EDC solid and 0.316 mg (2.75 μmol) of NHS 
solid was delivered to the buffer to initiate EDC coupling of carboxyl-containing 
microgels 1 and 2 (covalently binding on glass substrate) with amino-containing YLC 14. 
The reaction was allowed to proceed for 18 hours. After EDC coupling, the glass 
substrate covered with microgels 18’ and 19’ was rinsed thoroughly by deionized water 
before transferring to clean well containing 2.5 mL of fresh pH 5.0 buffer in the culture 
plate. Then approximately 10 μL of 0.11 mM AzF 3 aqueous solution and 0.457 mg (2.31 
μmol) of sodium ascorbate powder was delivered to the buffer. After N2 bubbling for 5 
minutes, 50 μL of 0.1 M CuSO4 aqueous solution was delivered to the buffer to initiate 
click reaction of alkynyl-containing microgels 19’ (covalently binding on glass substrate) 
with azido-containing AzF 3. The reaction mixture became brownish approximately 10 
minutes after starting reaction. The reaction was allowed to proceed for 18 hours. After 
the first click reaction, the reaction mixture became slightly blue, and the glass substrate 
covered with microgels 18’ and 19 was rinsed thoroughly by deionized water before 
transferring to clean well containing 2.5 mL of fresh pH 5.0 buffer in the culture plate. 
Approximately 10 μL of 0.01 M PTMRC 13 aqueous solution and 0.457 mg (2.31 μmol) 
of sodium ascorbate powder was delivered to the buffer. After N2 bubbling for 5 minutes, 
50 μL of 0.1 mM CuSO4 aqueous solution was delivered to the buffer to initiate click 
reaction of azido-containing microgels 18’ (covalently binding on glass substrate) with 
alkynyl-containing PTMRC 13. The reaction mixture became yellow-brownish 
approximately 10 minutes after starting reaction. The reaction was allowed to proceed for 
18 hours. After the second click reaction, the reaction mixture became clear again, and 
the glass substrate covered with microgels 18 and 19 was rinsed thoroughly by deionized 
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water before transferring to clean well containing deionized water. After dried by N2 
blow, the glass slide covalently bonding with microgels 18 and 19 is ready for 
fluorescence microscopy. 
B.2.6.2.3 Sequential Reactions of Multi-Functional Films of pNIPAm-AAc-PA 2 and 
pNIPAm-AAc 10 with LYC 14 and AzF 3 
Approximately 3.2 mL of pH 5.0 acetate buffer, 0.4 mL of 0.1 wt% of pNIPAm-
AAc-PA 2 microgel and 0.4 mL of 0.1 wt% of pNIPAm-AAc 10 microgel dispersions 
was delivered into one well of 6-well cell culture plate (Greiner-BioOne CellStar®) 
followed by swirling to homogenize the diluted 0.01 wt% microgel 2 and 10 dispersions. 
Then a clean amino-functionalized 22 × 22 mm glass slide was introduced into the 
bottom of that well. After centrifugation with a RCF of 2, 250 × g for 15 minutes at 25 ºC, 
the glass slide covered by microgels 2 and 10 was then transfer to a clean well containing 
2.5 mL of fresh pH 5.0 acetate buffer in the culture plate. Then 1 mg (5.22 μmol) of EDC 
solid and 0.316 mg (2.75 μmol) of NHS solid was added into the buffer followed by 
shaking overnight. The EDC coupling between carboxyl groups on microgels 2 and 10 
and amino groups on glass substrate built up the covalent bonds between microgels 2 and 
10 and glass slide. After EDC coupling, the glass slide covalently bound with microgels 2 
and 10 was then transferred to another clean well containing 2.5 mL of fresh pH 5.0 
buffer in the culture plate. Approximately 10 μL of 0.29 mM YLC 14 aqueous solution 
and 1 mg (5.22 μmol) of EDC solid and 0.316 mg (2.75 μmol) of NHS solid was 
delivered to the buffer to initiate EDC coupling of carboxyl-containing microgels 2 and 
10 (covalently binding on glass substrate) with amino-containing YLC 14. The reaction 
was allowed to proceed for 18 hours. After EDC coupling, the glass substrate covered 
with microgels 19’ and 17’ was rinsed thoroughly by deionized water before transferring 
to clean well containing 2.5 mL of fresh pH 5.0 buffer in the culture plate. Then 
approximately 10 μL of 0.11 mM AzF 3 aqueous solution and 0.457 mg (2.31 μmol) of 
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sodium ascorbate powder was delivered to the buffer. After N2 bubbling for 5 minutes, 50 
μL of 0.1 M CuSO4 aqueous solution was delivered to the buffer to initiate click reaction 
of alkynyl-containing microgels 19’ (covalently binding on glass substrate) with azido-
containing AzF 3. The reaction mixture became brownish approximately 10 minutes after 
starting reaction. The reaction was allowed to proceed for 18 hours. After the first click 
reaction, the reaction mixture became slightly blue, and the glass substrate covered with 
microgels 19 and 17’was rinsed thoroughly by deionized water before transferring to 
clean well containing deionized water. After dried by N2 blow, the glass slide covered 
with microgels 19 and 17’ is ready for fluorescence microscopy. 
B.2.7 Observation of Multi-Functional Films via Fluorescence Microscopy 
Both fluorescence and optical microscopies were conducted on an Olympus IX70 
inverted microscope equipped with a high numerical aperture, oil immersion 100 × 
objective (NA = 1.30). In fluorescence mode, the excitation irradiation was a mercury 
lamp filtered by excitation band-pass filters of 450-490 nm (blue) or 510-560 nm (green). 
Images were captured using a color CCD camera (PixelFly, Cooke Corporation). 
B.3 Preliminary Results and Discussion 
Table B.1 demonstrates the results of reaction of microgels adsorbed on the glass 
slides with fluorescent dyes via EDC coupling and/or click reaction. 
 
Table B.1 The chemo-ligation of multi-functional films composed of one type of 
functional microgels with fluorescent dyes with complementary functionalities. The top 
three rows of images demonstrate the chemo-ligation of multi-functional films made of 
one type of microgels, left: pNIPAm-AAc-AzPMA (containing azido + carboxyl groups), 
center: pNIPAm-AAc-PA (containing alkynyl + carboxyl groups), right: pNIPAm-AAc 
(containing carboxyl groups), in which row 1 and 2 represent fluorescence microscopy 
images of microgel films excited at wavelength of 450-490 nm and 510-560 nm, 
respectively, and row 3 transmission microscopy images. The bottom three rows of 
images demonstrate the chemo-ligation of multi-functional films made of multiple type 
of microgels, left:  three microgels with azido + alkynyl + carboxyl groups, center: two 
microgels with azido + alkynyl + carboxyl groups, right: two microgels with alkynyl + 
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carboxyl groups, in which row 4 and 5 represent fluorescence microscopy images of 
microgel films excited at wavelength of 450-490 nm and 510-560 nm, respectively, and 
row 6 transmission microscopy images. Scale bar = 10 μm 
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From the microscopic images presented above, it’s quite clear that the particles 
with different functionalities can react with fluorophores containing complementary 
functionalities in an orthogonal manner. To illustrate this, let’s take the bottom central 
column for closer examination in Figure B.1: both alkynyl-containing pNIPAm-AAc-PA 
and azido-containing pNIPAm-AAc-AzPMA microgel particles were actively deposited 
on the amino-functionalized glass surface via centrifugation, followed by EDC coupling 
with lucifer yellow cadaverine (LYC) and click reaction with 5-azidofluorescein (AzF) 
and 5,6-propargyl tetramethylrhodamine carboxamide (PTMRC) sequentially. Deionized 
water rinse was used before, between, and after two sequential click reactions. The 
yellow-greenish microgels shown in the top panel of Figure B.1 represent fluorescence 
from AzF ligated on pNIPAm-AAc-PA microgels, whereas the red microgels shown in 
the bottom panel represent fluorescence from PTMRC ligated on pNIPAm-AAc-AzPMA 
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microgels. On the other hand, the pale yellow microgels shown in the top panel of Figure 
B.1 represent fluorescence from LYC attached on pNIPAm-AAc-AzPMA microgels, 
whereas the pale red microgels shown in the bottom panel represent fluorescence from 




Figure B.1 Fluorescence microscopy images of multi-functional film made of clickable 
pNIPAm-AAc-AzPMA 1 and pNIPAm-AAc-PA 2 microgels, after clicking with 
PTMRC 13 and AzF 3, respectively. Note before click reaction, the film was EDC 
coupled with YLC 14. Scale bar = 10 μm. 
 
By overlapping the above two fluorescence images together, we obtain Figure B.2. 
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Figure B.2 shows that yellow-greenish particles (alkynyl-containing pNIPAm-AAc-PA 2 
microgels) and red particles (azido-containing pNIPAm-AAc-AzPMA 1 microgels). The 
multi-functional films are pseudo-monolayer of microgels adsorbed on amino-
functionalized glass substrate. Note that yellow particles are also observable, which 




Figure B.2 Overlapped fluorescence microscopy images of multi-functional film made of 
clickable pNIPAm-AAc-AzPMA 1 (red) and pNIPAm-AAc-PA 2 (yellow-greenish) 
microgels, after clicking with PTMRC 13 and AzF 3, respectively. Note before click 
reaction, the film was EDC coupled with YLC 14. Scale bar = 10 μm. 
 
B.4 Conclusions 
This section presents a preliminary study of fabrication and characterization of 
multi-functional films on amino-functionalized glass substrates via active deposition 
(centrifugation). It is noticed that the Cu(I)-catalyzed click reaction between alkynyl and 
azido functionalities and EDC coupling between carboxyl and amino functionalities are 
orthogonal to each other except the cross-reaction situation identified in Chapter 6. 
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Furthermore, the multi-functional microgel films can also be used as a sensor to 
determine if clickable biomolecules or cells with complementary functionalities in the 
solution flowing over the films. 
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APPENDIX C ULTRATHIN FILMS COMPOSED OF CROSS-
LINKER-FREE SQUISHY MICROGEL NANODISKS 
C.1 Introduction 
Ultrathin films are films with a thickness of nanometer scale, which can be 
metal,30 inorganic,31 organic,32 polymeric,33 or hybrid34,35 materials. Ultrathin films of 
organic and polymeric materials are particularly interesting because they allow the 
fabrication of nanostrcutured molecular assemblies with tailored architecture and 
functionalities. Langmuir-Blodgett technique,36 organic molecular beam 
deposition/epitaxy,37 self-assembled monolayer (SAM),32 and Layer-by-Layer (LbL) 
assembly33 as fabrication approaches of ultrathin films were extensively reviewed. Our 
group first prepared thin films of stimuli-responsive pNIPAm-based microgels via seed-
polymerization in matrix11 and Layer-by-Layer14 (LbL) approaches. It’s well known that 
ultrathin microgel films are excellent surface drug release vehicles.16-18,29 In contrast to 
passive adsorption, active adsorption such as centrifugation38 and spin coating39 has been 
developed to manipulate the thickness and structure of ultrathin films. Recently we have 
been noticing that an ultrathin film with a thickness of approximately 8 nm can be made 
of extremely soft (squishy) microgels via active deposition of them on glass substrates. 
Furthermore, we noticed that the diameter of adsorbed squishy microgels on the glass 
substrate is almost the same as their diameter in bulk dispersions, and the microgels form 
“nanodisks” on glass substrate tiled to each other. The squishy microgels are pNIPAm-
based particles prepared via APS-initiated surfactant-free radical precipitation 
polymerization without adding external cross-linker such as BIS.40-42 The synthesis of 








N-Isopropylacrylamide (NIPAm, TCI) was re-crystallized from hexanes (J.T. 
Baker) and dried under vacuum prior to use. Acrylic acid (AAc, Fluka), ammonium 
persulfate (APS, Sigma), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride 
(EDC, Sigma), and N-hydroxysuccinimide (NHS, Aldrich) were used as received. 
Amino-functionalized glass slides (22 × 22 mm) were prepared in our laboratory. (Refer 
to Chapter 6, Section 6.2.5 for details). The pH 3.0 formate buffer, pH 4.0 formate buffer, 
and pH 5.0 acetate buffer were prepared in our laboratory for active deposition. All water 
used throughout this investigation was distilled and deionized to a resistivity of at least 18 
MΩ·cm (Barnstead E-Pure system) and then filtered through an in-line 0.2-μm filter to 
remove particulate matter. 
C.2.2 Synthesis, Purification and Lyophilization of Cross-Linker-Free Microgels 
Cross-linker-free microgels were prepared by ammonium persulfate (APS)-
initiated surfactant-free radical precipitation copolymerization of monomer N-
isopropylacrylamide (NIPAm) and comonomer acrylic acid (AAc). The reactant mixture 
composed of 84 mol% NIPAm (1.8 g) and 15 mol% AAc (0.2 g) was made by dissolving 
the reagents in 100 mL deionized water via ultrasonication. The reactant mixture was 
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then filtered through an in-line 0.8 μm syringe filter into a 250 mL three-neck round 
bottom flask. During 60 minutes of N2 purge, the mixture was heated from 22 to 65 °C 
and maintained at the same temperature throughout the synthesis. After the temperature 
of reactant mixture was stabilized and O2 in reaction vessel was replaced by N2, 5 mL of 
0.078 M APS was added to initiate the copolymerization. The copolymerization was 
allowed to proceed for 18 hours at 65 °C under N2. The resultant colloidal dispersion was 
filtered through glass fiber to remove a small portion of coagulum and then transferred to 
dialysis tubes (Spectra, MWCO = 10 kDa) and sealed for dialysis against deionized water. 
The dialysis was allowed to proceed for 3 weeks with water replenishing every day. After 
purification, the microgel dispersion was lyophilized at −45 °C under 40 × 10−3 mbar for 
72 hours. The freeze-dried product was a hygroscopic white powder. Note that 
centrifugation-redispersion of microgel particles to remove water-soluble impurities such 
as initiator residue and oligomers could also be performed, however, the redispersion of 
microgel pellets in deionized water should be done in 4 ºC to facilitate the process. If the 
cross-linker-free microgel pellets were redispersed at room temperature, the pellets will 
not completely redispersed even after months of shaking.  
C.2.3 Preparation of Cross-Linker-Free Microgel Dispersions 
The microgel dispersions were prepared by first dispersing approximately 10 mg 
cross-linker-free pNIPAm-AAc powder in 10 g of distilled, de-ionized water and shaking 
for 48 hours to obtain an 0.1 wt % dispersion.  
C.2.4 Preparation of Ultrathin Films via Centrifugal Deposition of Dilute Cross-
Linker-Free Microgel Dispersions 
Add 0.6 mL 0.1 wt% cross-linker-free microgel dispersions in the one well of 6-
well cell culture plate (Greiner-BioOne CellStar®), followed by add 5.4 mL pH 3.0 
buffer. The 22 × 22 mm amino-functionalized glass slide were put in the microgel 
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dispersions (0.01 wt % in pH 3.0 buffer) and then centrifuged under 2, 250 × g for 15 min 
at 25 ºC. After centrifugation, 1 mg (5.22 μmol) of EDC solid and 0.316 mg (2.75 μmol) 
of NHS solid were added to that well followed by shaking for overnight to covalently 
bond pNIPAm-AAc fluorescent particles on the glass slide. Note the procedures are the 
same for active deposition of microgels in pH 4.0 and 5.0 buffer. 
C.2.5 Observation of Microgel Ultrathin Films via Atomic Force Microscopy 
AFM data were taken both in air and in aqueous buffer in Non-Contact mode on 
an Asylum Research MFP3D. Imaging and analysis was performed with the Asylum 
Research MFP3D software running in IgorPro (WaveMetrics, Inc., Lake Oswego, OR) 
that was provided with the instrument. A NanoWorld aluminum-coated carbon nitride 
cantilever (The force constant = 42 N/m and resonance frequency = 320 kHz in air) was 
used for imaging in air, whereas an Asylum Research iDrive cantilever (The force 
constant = 0.09 N/m and resonant frequency = 32 kHz in air) was used in aqueous buffer. 
The imaging area is 20 × 20 or 10 × 10 μm2 with a resolution of 512 × 512 pixels2 for 
each image.  
C.3 Preliminary Results and Discussion 
The AFM images of dried cross-linker-free microgel films actively deposited on 
amino-functionalized glass substrates at different pH values are demonstrate in Figure 
C.1. It’s noticed that with the increase of pH values, the diameters of “nanodisks” 
increase significantly, and the defects between “nanodisks” increase as well. Furthermore, 
for cross-linker-free microgel films at pH 3.0 and 4.0 buffer, the central area of each 
“nanodisk” formed by microgel particle is darker than the edge of “nanodisk”, indicating 
that the “nanodisk” is blood-cell like with a collapsed center surrounded by edge 
networks. The “nanodisk” film is clearly a monolayer of pNIPAm-AAc microgels on 
glass substrate. Note that some bright spots in the AFM images are salt crystals due to the 
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evaporation of buffer solution. Because cross-linker-free pNIPAm-AAc microgel 
ultrathin films give a pseudo-defect-free monolayer at pH 3.0 buffer after active 
deposition of squishy particles on glass substrate, we then compare the morphology of the 
ultrathin films fabricated at pH 3.0 in the air and aqueous buffer. 
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Figure C.1 The AFM images of cross-linker-free pNIPAm-AAc microgel ultrathin films 
fabricated by centrifugation of 0.01 wt% microgel dispersions at pH 3.0, 4.0 and 5.0 
buffers. 
 
Figure C.2 demonstrates the AFM images of wet and dry ultrathin films 
fabricated by centrifugation of 0.01 wt% of cross-linker-free pNIPAm-AAc microgel 
dispersions in pH 3.0 buffer. The height of nanodiscks in wet condition is approximately 
20 nm, which is higher than that of nanodisks in dry condition, ~8 nm.  
 
Figure C.2 The AFM images of cross-linker-free pNIPAm-AAc nanodisks on glass 
substrate in aqueous buffer (left panel) and air (right panel). Note that the dried sample 
has a lot of salt spots.  
C4. Conclusions 
Cross-linker-free pNIPAm-AAc microgel dispersions could form ultrathin films 
via active deposition in pH buffers. The ultrathin film is composed of pNIPAm-AAc 
“nanodisks”. The ultrathin film might have potential applications as surface modifier, 
surface drug release vehicles, and biosensor. The in-depth investigation is currently 
ongoing in our laboratory. 
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